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Abstract
A 1% Pd/C catalyst supplied by ICI Synetix has been characterised, and used 
for the selective hydrogenation of 2-butyne-l,4-diol. The reaction procedure 
was developed for both an ambient and an elevated pressure reaction vessel, 
the hydrogenation of 2-butyne-l,4-diol was bench-marked with the 1% Pd/C 
catalyst. Two 1% PCI/AI2 O3 catalysts have been prepared, characterised and 
used for the hydrogenation of 2-butyne-l,4-diol also. All three of the 1% 
supported palladium catalysts have been characterised with CO 
chemisorption, electron microscopy and BET surface area determination.
When the two 1% PCI/AI2 O3 catalysts were employed for the selective 
hydrogenation of 2-butyne-l,4-diol, not only did they exhibit a different rate 
o f hydrogenation of 2-butyne-l,4-diol, but also different final product 
distributions, with the selectivities towards formation of c/s-2-butene-l,4-diol 
being o f the same order (circa 95%) as that achieved when the 1% Pd/C 
catalyst was employed.
An unexpected compound for this type of catalytic hydrogenation called iso- 
propoxytetrahydrofiiran was formed in all the reactions that employed the 1 % 
supported palladium catalysts. Its formation occurred because of a 
solvent/bound surface species interaction, in a concerted ring closure process. 
Iso-propoxytetrahydrofuran has been isolated, purified, characterised with 
NMR and GC-MS and calibrated for GC analysis.
No iso-propoxytetrahydrofiiran was formed when a 9.1% Cu/SiC>2 catalyst 
was employed for the selective hydrogenation of 2-butyne-l,4-diol. The 9.1% 
Cu/Si02 catalyst offered the advantage of a higher selectivity towards 2 - 
butene-l,4-diol formation than any of the supported 1% palladium catalysts 
(circa 97%), but at a far slower rate of hydrogenation.
By changing the reaction solvent it was possible to produce different fiirans, 
and also have an impact of the rate of hydrogenation of 2-butyne-l,4-diol, the 
rate of hydrogenation in distilled water was around half of that observed when 
propan-2-ol was employed as the reaction solvent. With distilled water as the 
reaction solvent, hydro xy-tetrahydrofiiran was produced during the course of 
the reaction, with n-butanol as the reaction solvent, butoxy-tetrahydrofiiran 
was produced during the course of the reaction.
A series of experiments employing mono-substituted alkynes was conducted 
to try and elucidate the reaction mechanism for the selective hydrogenation of 
2-butyne-l,4-diol. It was found from these experiments that a diol 
functionality was required on the reagent species for the formation of iso- 
propoxytetrahydrofuran to occur.
1 9Targeted isotope switching experiments, in combination with H and D NMR 
spectroscopy and GC-MS were conducted so that all the experimental 
observations made during the course of the study could be consolidated into 
one postulated reaction mechanism. The postulated reaction mechanism 
derived from this study can be seen in Figure 1 below.
Figure 1: Postulated reaction mechanism
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Chapter One 
INTRODUCTION
1.1 GENERAL INTRODUCTION
The history of catalysis is a long one. For almost two centuries catalysis has 
provided a focus for intrigue and interest for researchers. Dobereiner in 1823 
founded the application of catalysis with the platinum catalysed reaction 
between oxygen and hydrogen [1]. The early work on catalysis was continued 
by Kirchoff, Henry, Philips, Davy, Faraday and Berzelius [2], by 1835 the 
existence of heterogeneous catalysis had been established. It was Jakob 
Berzelius who was the first to use the term “catalysis”. Jakob Berzelius 
defined the power o f the catalyst as being that which is able to “wake 
affinities, which are asleep at this temperature, by their mere presence and not 
by any affinity.” It was not until 1875 the first large scale industrial use of a 
catalyst occurred. Which was the use of platinum catalysts in the formation of 
sulfuric acid through the contact process. Its inventor Peregrin Philips died 
before the fruition of his efforts was realised [3].
The interpretation of catalysis evolved with the subsequent studies that 
increased the knowledge and understanding of the field. But, as different 
approaches to catalysis have developed from different viewpoints, an 
universally-accepted, precise definition still remains problematic. C. N. 
Satterfield [4] has adopted this definition: A catalyst is a substance that 
increases the rate o f  reaction towards equilibrium without being appreciably 
consumed in the process.
Catalysis plays a very vital role in the modem chemical industry, most 
industrial reactions are of a catalytic nature. Catalysts are employed at some 
stage in the manufacture of a large percentage of chemical goods, all but a few 
of the countries in the world gross national product is exceeded by the value of 
the goods produced by the United States’ chemical industries [5]. There is a 
vast amount of applications for catalysis, pharmaceutical, petrochemical, fine 
and heavy chemical industries, and these industries predominantly use 
heterogeneous catalysis in their processes.
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1.2 CHEMISORPTION AND PHYSISORPTION
The initial and most important step of any reaction in heterogeneous catalysis 
is the adsorption of the reactant(s). In adsorption molecules of a particular 
material become attached or concentrated at an interface, with an interface 
describing the area between two distinct phases. Gas-solid, liquid-solid and 
gas-liquid are typical examples of interfaces. Chemisorption and physisorption 
are the two classifications of adsorption.
1.2.1 Physisorption (Physical Adsorption)
Van der Waals adsorption or physical adsorption involves weak and 
associative bonds between reactant and substrate. There are only small heat 
changes accompanied with this type of adsorption, they are often of the same 
order of magnitude as the heat of liquefaction of the adsorbing gas. The 
physical adsorption of a molecule at an interface is not directly associated with 
any distinct surface atom, and may occupy an area independent of the nature 
of the adsorbate, unlike in chemisorption. Since the forces involved between 
the adsorbate and the adsorbent are similar in magnitude to those involved 
between molecules in a liquid, physisorption is prone to multi-layer 
adsorption. The physisorption of oxygen on titania is a typical example, which 
involves a binding energy o f approximately 5kJ mol'1. This is not markedly 
different from the latent heat of condensation of oxygen (6.80kJ mol'1).
Typical application that employ physical adsorption include the determination 
of catalyst surface area and pore structure characteristics through low 
temperature nitrogen adsorption; the boiling point of the adsorbate being close 
to the temperature at which the adsorption occurs. These procedures allow 
correlations to be drawn between the behaviour and structure of the catalyst 
under reaction conditions.
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1.2.2 Chemisorption (Chemical Adsorption)
In chemical adsorption (chemisorption) the adsorbate molecules are held at the 
surface by valence forces that are similar to those present between atoms in a 
molecule. This can be observed between an adsorbing gas and a metal surface, 
where the metal possesses unoccupied orbitals, which provide sites for co­
ordination. There are much stronger chemical bonds formed during chemical 
adsorption than those formed during physical adsorption. The heats involved 
during chemical adsorption are similar to those liberated during chemical 
reactions. The reactivities of molecules may be altered upon surface 
adsorption, and may be greatly enhanced, if you consider the energy changes 
observed in chemisorption processes. When chemisorption is accompanied by 
the dissociation o f the adsorbate, this is indeed the case. If you the adsorption 
of hydrogen on tungsten, where the (H-H) bonds are broken, the resulting 
dissociated hydrogen atoms are more reactive than the free hydrogen 
molecules. For catalytic reactions, the chemisorption of at least one of the 
reactants is required to further reaction. There are a number of special features 
of chemisorption listed below;
i) adsorbate surface coverage never exceeds a monolayer
ii) there are often appreciable activation energies associated with
chemisorption processes
iii) chemisorption can occur over a wide range of temperatures
iv) there is considerable variation in the adsorptive capacities of various
surface sites observed
Figure 1.2.2 show the distinction between physical and chemical adsorption. If 
we consider the diatomic molecule X2 , physisorption of the molecule is 
represented by curve (a). The potential energy falls to a minimum as the 
molecule approaches the surface, this is represented by AHi. The heat of 
physisorption can be assumed to be low, so this value will typically be small 
be. Curve (b) represents the chemisorption o f the molecule at the surface. 
When the adsorbate molecules are separated by an infinite space from the
3
surface, they still possess energy D, this represents the molecular dissociation 
energy in the case o f molecules that are prone to dissociation on adsorption. 
There is a decrease in the potential energy to a low minimum as the molecule 
approaches the surface. The molecule is much closer to the surface at this 
point than in physisorption. The term AH2 is applicable to define the heat of 
chemisorption, because of the formation of new chemical bond between both 
the surface and adsorbate.
Figure 1.2.2: Distinction between physical and chemical adsorption
M + M + X
M + X'
0
Distance From 
Surface
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1.3 HYDROGENATION
Hydrogenation is the addition of hydrogen to a molecule, it is of estimable 
importance in chemistry. Hydrogenation can be employed to reduce functional 
groups, often with good selectivity. Hydrogenation can be applied using both 
homogeneous and heterogeneous processes, the latter is favoured as the 
reaction product(s) are more easily separated from the solid catalyst [6 a].
Primarily nickel or palladium catalysts are employed industrially for catalytic 
hydrogenation [7], although other metals such as zinc, platinum, and copper 
are also employed. Various physical forms of catalyst can be employed, such 
as gauzes, wires and finely divided metal powders, but catalysts are most 
commonly prepared when supported on a high surface area oxide.
The choice of a catalyst is determined by three important factors; selectivity, 
activity and lifetime [8 ]. The selectivity reflects the ability of the catalyst to 
form the desired product, the activity is the rate at which the catalyst can 
convert the reactant to product(s). The lifetime is the period for which the 
catalyst maintains an acceptable level of activity and/or selectivity. The cost of 
the catalyst manufacture and any associated toxicity hazards must also be 
considered. These are the factors that predominantly govern catalyst selection 
for an industrial process; the ultimate choice is usually made in economic 
terms.
1.4 HYDROGENATION OF ALKYNES
The selective hydrogenation o f alkynes to achieve partial hydrogenation and, 
therefore produce alkenes is of fundamental importance [9]. In some basic 
chemical processes there is the requirement for reagent grade purity of alkene 
with a very low concentration of alkyne impurity. This aim can normally be 
met by the application of supported metal catalysts, typically low loaded
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PCI/AI2O3 which can be used to selectively reduce the alkyne impurity to the 
desired olefin [10, 11].
Catalytic hydrogenation is widely employed in both laboratory practice and 
fine chemical production for the selective synthesis of alkenes [ 1 2 , 13]. 
Catalytic hydrogenation is also a crucial step in industrial polymerization 
processes with the aim o f complete elimination of alkynes in the alkene 
feedstocks. Examples of this are the selective removal of propyne from a 
propylene-rich stream (C3 hydrorefining) and the selective hydrogenation of 
acetylene in a ethylene-rich stream (C2 hydrorefining), to avoid poisoning of 
the polymerization catalysts [9]. Naturally, high propylene and ethylene 
yields, respectively, are required without hydrogenating the existing alkene.
C2-C4 alkenes and reactive intermediates, such as vinyl chloride, propylene 
oxide, ethylene oxide and acrylonitrile are some of the most important 
building blocks in the modem petrochemical industry [9]. The world 
production of ethene just reached 1 million tons per year in 1950 [14]. The 
production reached 80.5 million tons in 1998, this underlines the importance 
of this chemical [15, 16]. One of the fastest growing commodity thermoplastic 
resins is polyproplene, this creates a strong demand for propylene. The world 
capacity for propylene production reached 47 million tons in 1998, and the 
global production of polypropylene (in 1996) was already 22 million tons [17]. 
There is an annual growth in demand for ethylene o f 3.5%, and more than 5% 
for propylene. This will lead to a predicted worldwide demand of 120 and 82 
million for ethylene and propylene respectively by 2 0 1 0 .
The high demands for high grade products either directly derived from 
catalytic hydrogenation of acetylenes, or derived from intermediates that have 
been produced employing catalytic hydrogenation, underlines the continued 
interest in developing more selective catalysts. There is still intense research 
activity to try and provide a better understanding of the factors that are 
decisive in determining catalytic selectivity. Selective hydrogenations have 
been extensively covered and studied in review papers [18, 19, 20, 21, 22, 23,
24, 25, 26] and books [6 b, 27, 28, 29, 30] since the 1960s.
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Ethyne hydrogenation has been well documented over the years [31, 32, 33, 
34, 35, 36, 37]. There has been less work however on the selective 
hydrogenation of substituted alkynes reported [12]. Some of the studies that 
consider propyne hydrogenation are; with static reaction experiments [38], 
pumice supported and unsupported platinum and iridium catalysts [39], in a 
pulse-flow system employing a Pt/SiC>2 catalyst [40] and reactions performed 
in both a static and pulse flow system [41]. Studies conducted using 1-butyne 
[42, 43] and 2-butyne [44, 45, 46] have also been performed.
1.5 FINE CHEMICAL PRODUCTION
There are many, very different groups of products such as dyes, 
pharmaceuticals, food additives, photochemicals, cosmetics and vitamins are 
classified as fine chemicals. Many intermediates and products are produced by 
catalytic hydrogenation under mild conditions [47, 48]. The starting materials 
often have high molecular masses and complex structures, and are often 
temperature-sensitive. Most of these chemicals are hydrogenated in solution 
for this reason. Possible processes are reactions on fixed-bed catalysts and 
suspension processes with powder catalysts; a decisive role is often played by 
diffusion control.
The most important reaction in the production of fine chemicals is the 
selective hydrogenation o f double bonds [49]. It is possible for hydrogenations 
to give rise to several different products, since the starting materials often have 
several reactive (functional) groups. With careful adjustment of all 
experimental parameters, including solvent, type and amount of catalyst, 
pressure, temperature and degree of mixing (e.g. stirring speed), it is possible 
to maximise the yield of the desired product.
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The reactivity o f some unsaturated groups can differ so much that selective 
hydrogenation is readily possible. The selective hydrogenation of 2-butyne-
1,4-diol can be considered as a generic model for a fine chemical process.
1.6 HYDROGENATION OF 2-BUTYNE-l,4-DIOL TO CIS-2- 
BUTENE-1,4-DIOL
There is frequent application in the fine chemicals and pharmaceutical 
synthesis of the solid-catalysed reaction of a gas with a liquid that is often 
carried out in a slurry reactor. The selective hydrogenation of acetylenic 
compounds to form higher value products is a typical example. Of scientific 
and economical concern is the selectivity of the net formation of the 
intermediate compounds in these reactions. The selectivity towards the 
formation of a certain desired compound can be significantly effected by a 
number of factors. Even small variations in the amount of hydrogen adsorbed, 
by additives that change the rate of mass transfer relative to the rate of 
hydrogenation, the rate of olefin hydrogenation relative to that of the 
acetylene, and also by reaction variables such as temperature, concentration of 
catalyst, agitation, solvent and catalyst support [50].
A common situation involving a multifunctional hydrogenation is the 
hydrogenation of 2-butyne-l,4-diol to czs-2-butene-l,4-diol. The reduction of 
triple bonds is very selective over palladium [12, 50, 51, 52]. Due to its use as 
a chemical intermediate in the production of several insecticides and 
pharmaceuticals (e.g. vitamin B6  and endosulfan), there is a great deal of 
interest in butenediol.
There have been a number of different catalysts that have been employed for 
the selective hydrogenation of 2-butyne-l,4-diol. The use of nickel [53, 54, 
55], Raney nickel [56, 57], Ni-Cu alloy [53] or supported palladium catalysts 
[50, 58, 59, 60, 61, 62, 63, 64, 65, 6 6 ] have been reported for this reaction 
under relatively mild conditions. The hydrogenation of 2-butyne-l,4-diol has
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been looked at using several different solvents, methanol [67, 6 8 , 53, 54, 64], 
water [50, 52, 55, 57, 58, 59, 60, 65, 6 6 , 69, 70], pyridine [71], propan-2-ol 
[50], with different solvents having an effect on the selectivity of the reaction.
There have been a number of studies that have used catalytic poisons to try to 
improve selectivity of the catalyst. Winterbottom et al reported the use of 
various additives to try and improve the selectivity of the hydrogenation of 2 - 
butyne-l,4-diol to cw-2-butene-1,4-diol [50]. Chaudhari [58] et al reported the 
use of a Lindlar catalyst that was doped with zinc acetate that gave partial 
reduction with a selectivity as high as 99.8% to c/s-2-butene-1,4-diol 
formation. Fukuda and Kusama [6 6 ] employed a Pd/CaC0 3  catalyst using 
quinoline as a poison to sucessfiilly partially hydrogenate butynediol. A 
combination of quinoline and lead acetate was used in later work by Fukuda 
[65] on Pd/BaC( > 3  to gave partial hydrogenation of butynediol as well. There 
is the possibility of several side reactions, because of this selectivity towards 
cA-butene-1,4-diol becomes important [50]. It has been reported that over 
Pd/C that the formation of butane-1,4-diol during the course of the first step, 
i.e. 2-butyne-1,4-diol to cA-2-butene-1,4-diol indicated the possibility o f a 
sequential reaction without preferential formation and/or desorption of desired 
intermediate product. During the first reaction step c/s-butene-1,4-diol and 
butane-1,4-diol were formed, side products such as y-hydroxybutryraldehyde, 
w-butanol and «-butyraldehyde were also formed in small quantities during the 
first step and in significant quantities at complete reduction stage [59]. Butane-
1,4-diol is produced on complete hydrogenation of the of 2-butyne-1,4-diol, 
which is a valuable commodity for the manufacture of synthetic rubber 
according to the Reppe process [52, 72] and of THF [52].
Telkar et al [60] has proposed a general reaction scheme (similar to the one 
proposed by Winterbottom et al [50]), employing a range of 1% supported 
palladium catalysts poisoned with NH3, for the reaction (Figure 1.6). The 
scheme consisted of two stages. The first stage involved the adsorption and 
reduction of 2-butyne-1,4-diol to produce c/s-2-butene- 1,4-diol. This followed 
a consecutive mechanism. The second stage of the reaction involved the
9
production o f  butane-1,4-diol and a range o f  other side-products. This stage 
followed a sequential mechanism. The “side products” reported by Telkar et 
al were y-hydroxybutyraldehyde, z?-butyraldehyde and z?-butanol.
Figure 1.6: Telkar et al proposed reaction scheme [60].
2-Butvne-1,4-diol
H2
( /5-2-Butene-1,4-diol
H2
isomerisation
H,
-hbO
Biitaix;-1,4-diol
A7-biit\Taldelwdc
O
„
2 hb -tFO
/i-butanol
Previous investigations reported production o f /r-butyraldehyde as a result o f  
2-butyne-1,4-diol hydrogenation [52, 59, 60]. Formation o f  the side-product 
was reported once c/5'-2-butene-l,4-diol was able to react on the catalyst 
surface (i.e. after 100 % conversion o f 2-butyne-1,4-diol). Butyraldehyde was 
reported to be formed in conjunction with cis and trans-crotyl alcohol, and n- 
butanol by W interbottom et al [50]. Further discussion about 2-butyne-1,4- 
diol hydrogenation can be found in other chapters were relevant.
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1.7 FURANS SYNTHESIS AND HYDROGENATION
Furans occur widely throughout nature in a variety of commercially important 
compounds [73]. There include pharmaceuticals (anti-inflammatory 
properties) and flavour and fragrance enhancers [74, 75]. Furans often play an 
important role as intermediates in synthetic pathways because they react as a 
special class o f vinyl ethers [76]. They can also act as dienophiles in the 
Diels-Alder reaction [77]. It is not surprising that many methods have been 
devised for the syntheses of these derivatives given furans well documented 
uses, and the considerable synthetic challenge of many furan-containing 
natural products [73].
The synthesis o f fiiran and many substituted furans can involve long 
complicated processes, many of these processes involve using strong acids 
and elevated temperatures [78, 79, 80]. The oxidation of alkynyl sulphones 
followed by treatment with strong bases to form poly-substituted fiiran 
molecules is a typical example [81]. If the production of such molecules 
could be achieved by selective hydrogenation of a single, substituted fiiran 
molecule, it would be more practical and cost effective. The selective 
reduction of 3-(2-furyl) acrolein over various supported catalysts is a typical 
example of such a process [82],
A fiiran undergoes hydrogenation and/or hydrogenolysis depending on which 
metal is used to catalyse the reaction. Palladium, rhodium and ruthenium tend 
to favour hydrogenation of the fiiran ring without cleavage [83]. Platinum, 
ruthenium, osmium and iridium and tend to favour hydrogeno lysis o f the ring 
[83]. Deactivation has been reported as a problem whilst using palladium 
catalysts for fiiran hydrogenation in the gas phase. The reason for this was 
carbon deposition [84, 85]. However, at 100°C and 20 bar, fiiran 
hydrogenation to THF occurs over palladium [85].
Extensive study has been carried out into the selective hydrogenation of 3-(2- 
fiiryl) acrolein, which is a highly substituted fiiran [82, 8 6 ]. This molecule
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contained a substituent group at the two-position of the fiiran ring. The 
substituent group consisted of a ketone group and an olefinic bond. Over 
nickel catalysts a whole range of reduced molecules was produced, including 
molecules with saturated rings. There was very little hydrogenolysis observed 
[82]. The reaction was selective towards reduction of the carbonyl group and 
double bond, whilst leaving the fiiran ring intact, when palladium was 
employed [8 6 ].
Given the wide range of reactions and different syntheses that furans can be 
involved in, a relatively facile, high yield way of producing furans is of great 
interest.
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Chapter Two 
OBJECTIVES OF STUDY
Objectives o f Present Study
One area of heterogeneous catalysis that is showing much interest is the 
selective hydrogenation of multifunctional compounds. The fine chemical 
industry is increasingly applying heterogeneous catalysis in the production of 
fine chemicals. The stereoselective hydrogenation of 2-butyne-l,4-diol to cis- 
2-butene-l,4-diol is an example of selective multifunctional hydrogenation. 2- 
butyne-l,4-diol is employed as a chemical intermediate in the production of 
insecticides and pharmaceuticals (e.g. endosulfan and vitamin B6 ). The 
selective hydrogenation of 2-butyne-l,4-diol is to be used as a guide for the 
suitability o f different supported metal catalysts in the hydrogenation of 
multifunctional compounds. A number of the studies in the literature that 
investigate the selective hydrogenation of 2-butyne-l,4-diol have tended to 
look at the use of additives or selective catalyst poisons to try and increase the 
selectivity towards cw-2-butene-1,4-diol formation, this present study has not 
used and additive or selective catalytic poisoning to try and enhance the 
selectivity towards 2-butyne-l,4-diol formation.
The central aim o f the present study, therefore, was to investigate the catalytic 
behaviour of a series of supported palladium catalysts and a supported copper 
catalyst for the ambient pressure and elevated pressure liquid phase 
hydrogenation of 2-butyne-l,4-diol. The goals for the project can be 
subdivided into objectives i) to iv).
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i) Develop the necessary apparatus and protocol to allow the evaluation of 
the catalytic performance of palladium-based catalysts for the liquid 
phase hydrogenation of 2-butyne-l,4-diol at ambient and elevated 
pressure, using propan-2 -ol as a solvent.
ii) Benchmark the selective hydrogenation of 2-butyne-l,4-diol using a 1% 
Pd/C catalyst supplied by ICI Synetix.
iii) Investigate the hydrogenation of selected other reagents and the selective 
hydrogenation of 2-butyne-l,4-diol in water to aid understanding of the 
reaction processes that occur during the selective hydrogenation of 2 - 
butyne-l,4-diol in propan-2-ol.
iv) Employ D2 gas, lH and 2D NMR, and GC-MS to perform mechanistic 
studies of the selective hydrogenation of 2-butyne-l,4-diol, to aid in the 
formulation of an overall postulated reaction mechanism.
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Chapter Three 
EXPERIMENTAL
3.1 INTRODUCTION
Three of the four catalysts used in this study were prepared at Glasgow 
University using a wet impregnation method of preparation. Dr. Lennon’s 
group prepared the two Pd/A^C^ catalysts. The Cu/SiC>2 catalyst was prepared 
by D. Anderson for the liquid phase hydrogenation of Nitrobenzene [1]. The 
Pd/C catalyst, was also prepared a wet impregnation technique and was 
supplied by ICI Synetix.
Catalyst characterisation was performed on all four samples, this included 
transmission electron microscopy (TEM), surface area determination (BET) 
and chemisorption. The results of these characterisation procedures are given 
in the results chapter (in Section 5.1). The characterisation data for the 
Cu/SiC>2 catalyst can be found in D. Anderson’s PhD thesis [1].
3.2 PREPARATION OF CATALYSTS
3.2.1 Metal precursors and supports
Two alumina-supported catalysts were prepared using a wet impregnation 
method. The metal salts supplied by Fluka were palladium (II) chloride 
(PdCE, 99.9+% purity), and palladium (II) nitrate (Pd(NC>3)2 , 99.9+% purity). 
The support that was used in the preparation of the two catalysts was 
Aluminium Oxid C, which is a y-alumina supplied by Degussa. The 
preparation of the palladium chloride and palladium nitrate catalysts are 
detailed in a) and b) respectively below.
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3.2.2 Preparation
a) Palladium chloride/Aluminium Oxid C
50g of the Aluminium Oxid C was weighed into a round bottom flask in a 
fimehood. The flask was then placed on a stirrer plate and stirred slowly, 
while 250mls of distilled water was slowly added to the flask to form a slurry. 
A solution was prepared that has 0.84g of palladium chloride (4.75 xlO' 
moles of PdCl2) to give a nominal metal loading of 1%. To this solution 
concentrated HC1 was added dropwise to dissolve the palladium chloride. 
Once fully dissolved, the metal salt solution was added dropwise to the 
alumina slurry. The slurry was left to stir for 24 hours, after which any 
remaining water was removed using a rotary evaporator. The catalyst was then 
put in an oven and left to dry. Once the catalyst was dry it was ground and 
graded by particle size; retaining the fraction between 250 and 500pm to be 
calcined. The calcined catalyst was then used for reaction testing.
a) Palladium nitrate/Aluminium Oxid C
50g of the Aluminium Oxid C was weighed into a round bottom flask in a 
fimehood. The flask was then placed on a stirrer plate and stirred slowly, 
while 250mls o f distilled water was slowly added to the flask to form a slurry. 
A solution was prepared that has 1.09g of palladium nitrate (4.75 xlO ' 3 moles 
ofPd(N 03)2) to give a nominal metal loading of 1 %. Once fully dissolved, the 
metal salt solution was added dropwise to the alumina slurry. The slurry was 
left to stir for 24 hours, after which any remaining water was removed using a 
rotary evaporator, the catalyst was then put in an oven and left to dry. Once 
the catalyst was dry it was ground and graded by particle size, retaining the 
fraction between 250 and 500pm to be calcined. The calcined catalyst was 
then used for reaction testing.
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3.3 OTHER CATALYSTS USED FOR THIS PROJECT
3.3.1 The ICI Synetix supplied 1% Pd/C catalyst
This catalyst was prepared by ICI Synetix. In summary, it was prepared by a 
incipient wetness technique with Pd/(N0 3 ) 2  and a charcoal support. The 
support material is Norit RX3 with a pore volume of 0.63 m/g. The support 
was supplied as extrude. The metal loading, as determined by atomic 
absorption was 1.00%. This catalyst was used for the bulk of the initial studies 
into the selective hydrogenation of 2-butyne-l,4-diol in this project. Before 
use the catalyst was ground and graded by particle size; retaining the fraction 
between 250 and 500pm.
3.3.2 The Copper catalyst used in this project
This catalyst was prepared at Glasgow University by D. Anderson, and 
extensive information on its preparation, characterisation and catalytic activity 
is available [1]. In summary, it was prepared by a wet impregnation technique 
with Cu(NC>3 )2 .2 .4 H2 0  and Cab-O-Sil. The metal loading, as determined by 
atomic absorption was 9.1%. Before use the catalyst was ground and graded 
by particle size; retaining the fraction between 250 and 500pm.
3.4 CATALYST CHARACTERISATION
3.4.1 Surface area determination
Approximately 0.05g of each of the palladium catalysts was weighed into a
surface area sample tube. These samples were dried for three days to remove
any residual moisture. The surface area determination was conducted on a
Micrometries surface area analyser, using N2 as the adsorbate. Data for BET
total surface area, total pore volume and pore size distribution was obtained.
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3.4.2 Transmission electron microscopy (TEM)
TEM is a commonly applied form of electron microscopy for the studying of 
supported metal catalysts. It is generally possible to detect and resolve 
supported metal particles provided that there is sufficient contrast between the 
metal and support material. This contrast is a function of the extent to which 
the electrons are scattered by the different materials, which is affected by such 
factors as the identity of the species in question, their crystallinity and the 
sample thickness. On highly dispersed supported oxide catalysts, sufficient 
contrast between the metal and the support may be a problem.
“Bright-field” techniques are most regularly used in transmission electron 
spectroscopy. In ‘bright-field’ techniques the image is obtained from electrons 
in the optic axis passing directly through the sample. It is also possible to 
focus the electrons that are scattered or diffracted upon passing through the 
sample, thereby producing a ‘dark-field’ image [2]. The micrographs that 
were obtained during the course of this study were mostly bright-field images.
Samples of the palladium catalysts were prepared by grinding 0.15g of 
catalyst into a fine powder, which was then suspended in distilled water and 
ultrasonically dispersed for 20 minutes. A drop of the fine suspension was 
then placed on a 300square mesh Cu carbon coated grid. The grid was then 
put in an oven at 40°C to dry overnight. After drying the sample was ready for 
analysis, the measurements were made on a 002B High Resolution 
Transmission Electron Microscope, supplied by Topcon for the 1% Pd/C 
catalyst and a Philips 1200 electron microscope for the 1% PCI/AI2 O3 catalysts.
Energy dispersive x-ray spectroscopy (EDX) was considered to confirm the 
identity of the palladium particles for 1% Pd/C catalyst. For selected samples 
particle size distributions were determined, by measuring the diameters of the 
particles on a selection of negatives at different magnifications. The 
micrographs were measured in this way to ensure a representative sample of 
the catalyst surface.
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3.4.3 Chemisorption
Knowledge of the catalyst surface is important to achieve a greater 
understanding of any support metal catalyst. Conducting chemisorption 
experiments is one way of gaining an increased understanding of the catalyst 
surface. It was necessary to do chemisorption experiments on the palladium 
catalysts that were used in this study, to determine the fraction of the total 
metal atoms that are exposed at the surface of the catalyst, to help increase the 
understanding of how the catalysts perform under reaction conditions. Carbon 
monoxide was used to determine the fraction of the total number of metal 
atoms that are exposed at the surface of the catalyst. Once the number of 
surface metal atoms had been determined the % dispersion of the catalyst 
could be determined using the equation below.
Equation 3.4.3
No. Surface Metal Atoms 
% Dispersion = --------------------------------------------- xl00%
Total No. Metal Atoms Per Sample
A quantity of a gas will be chemisorbed at the surface forming a fraction of a 
monolayer, when a known volume of an adsorbate gas is pulsed over a freshly 
reduced catalyst. If pulsing is continued of the known amount of adsorbate gas 
then more gas will be adsorbed until a monolayer is formed, once the 
monolayer has been formed then no further gas will react at the surface. Flow 
chemisorption only determines the amount of material permanently retained at 
the adsorption temperature. Pulsed chemisorption assumes that there is little 
or no contribution from the support to the observed chemisorption process. 
This allows a direct stoichiometry between the number of exposed metal 
atoms and the gas molecules to be applied. Carbon monoxide adsorption 
experiments were performed on all the palladium catalysts used in this study, 
to determine the degree of metal atom dispersion over the support materials, 
and to determine the average metal crystallite sizes.
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The pulse-flow gas chemisorption apparatus shown in Figure 3.4.3.2 was used 
to conduct the chemisorption experiments. The apparatus consisted of a flow 
line, vacuum section and a known volume sample loop. By combining both a 
rotary pump and a mercury diffusion pump, a vacuum of KT4 Torr or better 
was achieved, with the vacuum being measured directly using a Pirani Gauge. 
To remove the possibility of mercury vapour poisoning the catalysts and to 
protect the oil pump from condensable gases, cold traps containing liquid 
nitrogen were used.
A bulb attached to the line via a manifold was used to store the carbon 
monoxide. The carbon monoxide could be admitted into the known volume 
sample loop and the pressure measured using a pressure transducer, by 
isolating the manifold form the vacuum section. This known amount of gas 
(4.70 cm3, 14 mbar) was then injected into a helium carrier gas flow over the 
reduced catalyst. Direct monitoring of any changes in the gas composition was 
achieved by using a TCD that was placed directly in the gas flow.
Approximately 0.3000g of catalyst were reduced in-situ in a flow of 6% H2 /N2 
using the standard programmed reduction, with the same reduction profile as 
detailed in section 3.5.1, for the purposes of the chemisorption experiments. 
When the catalyst reduction was complete, the 6% H2 /N2 was switched to 
helium and the catalyst was allowed to cool to ambient temperature. A 
deoxygenating catalyst, 5% Pd/WC>3 was used to purify the gas flows before 
they reached the catalyst, with the gas flows also being dried by passing 
through a molecular sieve trap before they reached the catalyst.
Calibration of the system was necessary before the adsorption experiments
could be performed. To calibrate, standard pulses o f the adsorbate were pulsed
into the helium flow, they were carried by the helium to the output from
which was fed a TCD connected to a Hewlett Packard 3395 Integrator. These
pulses by-passed the catalyst sitting in the reactor and produced distinct peaks
on the integrator. After three identical pulses were achieved on the integrator,
the system was ready to conduct a chemisorption experiment on. Pulses of
known size were directed over the catalyst, the uptake of the pulsed gas could
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be measured as the difference in the eluted peaks and the calibration peaks. 
The pulsing procedure was continued until peaks of equal area were obtained, 
this would indicated the formation of a monolayer (as the available metal sites 
at this point had no more capacity to adsorb carbon monoxide). A typical 
chemisorption trace is detailed in Figure 3.4.3.1
Figure 3.4.3.1 Typical chemisorption trace
Area
Indicates
Monolayer Formation
Adsorbate Pulses
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3.5 AMBIENT PRESSURE REACTIONS
The liquid-phase ambient pressure apparatus detailed in Figure 3.5.1 was 
designed so that three reactions could be carried out simultaneously in three 
ambient pressure reactors. The ambient pressure apparatus allows any two out 
of four gases {i.e. H2 , 6% H2/N2 , He or D2 ) to be delivered to the ambient 
pressure reaction vessels at the same time at varying flows. This set-up 
enables duplicate experiments, or a series of runs to be conducted quickly and 
efficiently. The ambient pressure reaction vessels allow for the catalyst to be 
reduced in-situ.
3.5.1 Temperature programmed reduction procedure for palladium 
catalysts in the ambient reaction vessel
0.2500g of the catalyst of the desired palladium catalyst was introduced into 
the reaction vessel, and was reduced in a stream of 6 % H2 /N2 (at a flow rate of 
45ml/minute), the reactor vessel was in the ‘inverted’ i.e. the reduction 
position during the reduction detailed on Figure 3.5.2. Using a temperature 
programmer supplied by Eurotherm, and a heating jacket attached to the 
reaction vessel, the catalyst was heated to 200°C. A ramp rate of 3°C/minute 
was used for the reduction. The catalyst was held at 200°C for a further hour, 
after which it was allowed to cool for 45 minutes in a stream of helium (at a 
flow rate of 2 0 0 ml/minute) to ambient temperature.
3.5.2 Non-programmed reduction procedure for palladium 
catalysts in the ambient reaction vessel
Some of the liquid-phase ambient pressure experiments were conducted 
without a programmed reduction. For these experiments 0.2500g of a 
palladium was introduced into the reaction vessel when in was in the reaction 
position detailed in Figure 3.5.2 (with the condenser already attached). 40ml
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of propan-2 -ol was then added into the reaction vessel, and a flow rate of 
2 0 0 ml/minute of H2 was then sparged through the propan-2 -ol and catalyst 
slurry. The slurry is set to stir at a relative stirrer speed of 7, and then left for 
30 minutes to reduce the catalyst fully. The heating element in the 
stirrer/hotplate was turned on 2 0  minutes into the reduction procedure, to 
ensure the oil bath was at the correct temperature for the reaction when the 
reduction was finished.
3.5.3 Temperature programmed reduction procedure for copper 
catalysts in the ambient reaction vessel
0.8000g of the catalyst of the desired copper catalyst was introduced into the 
reaction vessel, and was reduced in a stream of 6% H2/N2 (at a flow rate of 
150ml/minute), the reactor vessel was in the ‘inverted’ i.e. the reduction 
position during the reduction. Using a temperature programmer supplied by 
Eurotherm, and a heating jacket attached to the reaction vessel, the catalyst 
was heated to 300°C. A ramp rate of 3°C/minute was used for the reduction. 
The catalyst was held at 300°C for a further hour, after which it was allowed 
to cool for 45 minutes in a stream of helium (at a flow rate of 200ml/minute) 
to ambient temperature.
3.5.4 Reaction procedure for the ambient reaction vessel that used 
a programmed reduction with a palladium catalyst
After the reduction was complete the reactor vessel was turned to the reaction 
position. The degassed reactant solution of 2-butyne-l,4-diol in propan-2-ol 
(80ml o f 0.233M 2-butyne-l,4-diol in propan-2-ol) was injected, using a glass 
syringe, into the reactor vessel. Once the introduction of the reactant solution 
was complete, the condenser was fitted to the vessel. The vessel was then 
lowered into oil bath (set at 65°C with a relative stirrer speed of 7) that was 
heated and stirred by the IKA RCT Basic oil bath/magnetic stirrer. A H2 flow
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rate of 200ml/minute (selected using the Platon flowmeter) was then 
introduced to the reaction mixture through the gas sparges (see Figure 3.5.2). 
0.4ml samples were taken periodically from the reactor vessel during the 
course of the reaction and filtered, and then analysed using the Shimadzu GC- 
14A gas chromatograph.
3.5.5 Reaction procedure for the ambient reaction vessel that used 
a non-programmed reduction with a palladium catalyst
Once the reduction was complete, the degassed reactant solution of 2-butyne-
1,4-diol in propan-2-ol (40ml o f 40g 2-butyne-l,4-diol per litre of propan-2- 
ol) was introduced into the reaction vessel, and the reaction commenced. 
0.4ml samples were taken periodically from the reactor vessel during the 
course of the reaction and filtered, and then analysed using the Shimadzu GC- 
14A gas chromatograph.
3.5.6 Reaction procedure for the ambient reaction vessel that used 
a programmed reduction with a copper catalyst
After the reduction was complete the reactor vessel was turned to the reaction 
position (see figure 6 ). The degassed reactant solution of 2-butyne-l,4-diol in 
propan-2-ol (80ml of 0.233M 2-butyne-l,4-diol in propan-2-ol) was injected, 
using a glass syringe, into the reactor vessel. Once the introduction of the 
reactant solution was complete, the condenser was fitted to the vessel. The 
vessel was then lowered into oil bath (set at 65°C with a relative stirrer speed 
of 7) that was heated and stirred by the IKA RCT Basic oil bath/magnetic 
stirrer. A H2 flow rate of 200ml/minute (selected using the Platon flowmeter) 
was then introduced to the reaction mixture through the gas sparges. 0.4ml 
samples were taken periodically from the reactor vessel during the course of 
the reaction, and analysed using the Shimadzu GC-14A gas chromatograph.
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Figure 3.5.1 Ambient pressure apparatus
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Figure 3.5.2 Ambient pressure reactor
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3.6 ELEVATED PRESURE REACTIONS
The elevated pressure reactions were carried out using a elevated pressure 
reactor supplied by Buchi, detailed in Figure 3.6.2, with the reactions that 
used ex-situ reduction using the ex-situ reduction vessel detailed in Figure
3.6.1 All of the reactions detailed in this study were conducted at 2bar gauge.
3.6.1 Ex-situ programmed reduction procedure for elevated 
pressure reactor for the 1% Pd/C catalyst
1.2500g of the 1% Pd/C catalyst was introduced into the ex-situ reduction 
vessel. The scavenger tap on the elevated pressure reactor is opened, and a 
tube is connected between the elevated pressure reactor and the ex-situ 
reduction vessel. This tube enables the ex-situ reduction vessel to use the 
scavenger from the elevated pressure reactor, and once reduction is finished it 
allows the transport of the catalyst to the elevated pressure reactor without 
contact with the laboratory atmosphere. The catalyst was reduced in a stream 
of 6% H2 /N2 , at a flow rate of 60ml/minute. Using a temperature programmer 
supplied by Eurotherm, and a furnace supplied by Watlo that the ex-situ 
reduction vessel sat in, the catalyst was heated to 200°C. A ramp rate of 
3°C/minute was used for the reduction. The catalyst was held at 200°C for a 
further hour, after which it was allowed to cool for 45 minutes in a stream of 
helium (at a flow rate of 2 0 0 ml/minute) to ambient temperature.
3.6.2 Non-programmed reduction procedure for 1% Pd/C catalysts 
in the elevated pressure reaction vessel
Some of the liquid-phase elevated pressure experiments were conducted 
without a programmed reduction. For these experiments 1.2500g of the 1% 
Pd/C catalyst was introduced into the elevated pressure reaction vessel. 
300mls of propan-2 -ol was then introduced in the elevated pressure reaction
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vessel. The scavenger tap on the elevated pressure reaction vessel was opened, 
to reduce the catalyst H2  gas was bubbled through the propan-2 -ol/catalyst 
slurry, at a flow rate of lOOml/minute. A stirrer speed of 300rpm was used to 
agitate the propan-2 -ol/catalyst slurry to ensure the complete reduction of the 
catalyst. The catalyst was allowed to reduce for 1 hour, the oil bath heater 
system was then turned on to allow the reaction vessel to reach reaction 
temperature.
3.6.3 Ex-situ programmed reduction procedure for elevated 
pressure reactor for the 9.1% Cu/Cu(N03)2 on silica catalyst
4.0000g of the 9.1% Cu/Cu(NC>3 ) 2  on silica catalyst was introduced into the 
ex-situ reduction vessel. The scavenger tap on the elevated pressure reactor is 
opened, and a tube is connected between the elevated pressure reactor and the 
ex-situ reduction vessel. This tube enables the ex-situ reduction vessel to use 
the scavenger from the elevated pressure reactor, and once reduction is 
finished it allows the transport of the catalyst to the elevated pressure reactor 
without contact with the laboratory atmosphere. The catalyst was reduced in a 
stream of 6 % H2/N2 , at a flow rate of 300ml/minute. Using a temperature 
programmer supplied by Eurotherm, and a furnace supplied by Watlo that the 
ex-situ reduction vessel sat in, the catalyst was heated to 300°C. A ramp rate 
of 3°C/minute was used for the reduction. The catalyst was held at 200°C for a 
further hour, after which it was allowed to cool for 45 minutes in a stream of 
helium (at a flow rate of 2 0 0 ml/minute) to ambient temperature.
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3.6.4 Reaction procedure for the elevated pressure reactions that 
used ex-situ programmed reduction with the 1% Pd/C catalyst
After the reduction was complete the reduction vessel was sealed from the gas 
supply, to enable the catalyst to be tipped into the elevated pressure reactor 
using the length of PTFE tubing that connected the reduction vessel and 
elevated pressure reactor during reduction. When catalyst was introduced into 
the elevated pressure reactor it already contained 300mls of degassed propan- 
2-ol (which had been heated to 65°C for the reaction using the oil heater 
system). The degassed reactant solution of 2-butyne-l,4-diol in propan-2-ol 
(8.000g 2-butyne-l,4-diol dissolved in lOOmls of propan-2-ol) was injected 
using a glass syringe into the reactant injection port on the elevated pressure 
reactor, and the scavenger tap was closed. Once the catalyst and reagent 
solution had been introduced, the reaction slurry went through a degassing 
procedure to purge any unwanted air from the reaction vessel. After the 
purging was finished the stirrer in the elevated pressure reaction vessel was set 
to 800rpm. A H2 pressure of 2bar gauge, was used during the course of the 
reaction. Samples were periodically taken form the elevated pressure reactor 
by slowing the stirrer and taking the sample from the gas/sample three-way 
tap. The sample was then filtered and analysed using the Shimadzu GC-14A 
gas chromatograph.
3.6.5 Reaction procedure for the elevated pressure reactions that 
employ non-programmed reduction of 1% Pd/C catalyst.
Once the reduction was finished, the degassed reactant solution of 2-butyne-
1,4-diol in propan-2-ol (8.000g 2-butyne-l,4-diol dissolved in lOOmls of 
propan-2 -ol) was injected using a glass syringe into the reactant injection port 
on the elevated pressure reactor, and the scavenger tap was closed. Once the 
catalyst and reagent solution had been introduced, the reaction slurry went 
through a degassing procedure to purge any unwanted air from the reaction 
vessel. After the purging was finished the stirrer in the elevated pressure 
reaction vessel was set to 800rpm. A H2 pressure of 2bar gauge, was used
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during the course of the reaction. Samples were periodically taken form the 
elevated pressure reactor by slowing the stirrer and taking the sample from the 
gas/sample three-way tap. The sample was then filtered and analysed using 
the Shimadzu GC-14A gas chromatograph.
3.6.6 Reaction procedure for the elevated pressure reactions that 
used ex-situ programmed reduction with the 9.1% Cu/Cu(N03)2 on 
silica catalyst
After the reduction was complete the reduction vessel was sealed from the gas 
supply, to enable the catalyst to be tipped into the elevated pressure reactor 
using a length of PTFE tubing that connected the reduction vessel and 
elevated pressure reactor during reduction. When catalyst was introduced into 
the elevated pressure reactor it already contained 300mls of degassed propan- 
2-ol, which had been heated to 65°C for the reaction using the oil heater 
system. The degassed reactant solution of 2-butyne-l,4-diol in propan-2-ol 
(8.000g 2-butyne-l,4-diol dissolved in lOOmls of propan-2-ol) was injected 
using a glass syringe into the reactant injection port on the elevated pressure 
reactor, and the scavenger tap was closed. Once the catalyst and reagent 
solution had been introduced, the reaction slurry went through a degassing 
procedure to purge any unwanted air from the reaction vessel. After the 
purging was finished the stirrer in the elevated pressure reaction vessel was set 
to 800rpm. A H2 pressure of 2bar gauge, was used during the course of the 
reaction. Samples were periodically taken form the elevated pressure reactor 
by slowing the stirrer and taking the sample from the gas/sample three-way 
tap. The sample was then filtered and analysed using the Shimadzu GC-14A 
gas chromatograph.
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Figure 3.6.1 Ex-situ reduction apparatus for catalysts employing 
the elevated pressure reaction vessel
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Figure 3.6.2 Buchi liquid phase hydrogenator
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3.7 REACTION PROCEDURE FOR CONTINUOUS 
ADDITION REACTIONS
For continuous addition reactions an ambient pressure reactor was modified so 
that it had another B14 socket to allow for the introduction of material into the 
vessel during reaction through the injection needle, see Figure 3.7. Two 
solutions of 2-butyne-l,4-diol were prepared with concentrations of 1.05M 
and 0.233M in propan-2-ol. After reduction of the 1% Pd/C catalyst, it was 
immersed in 80mls of the 0.233M 2-butyne-l,4-diol solution (the procedure 
being the same for the reduction as detailed in Section 3.5.1). Instead of 
injecting all o f the 1.05M 2-butyne-l,4-diol solution into the reactor at the 
beginning of the reaction, 45mls o f this solution was injected into the reactor 
over a period of approximately ten hours. This was achieved by charging 
45mls of the 1.05M 2-butyne-l,4-diol solution into a 50ml syringe, which was 
then placed on the precision syringe pump (detailed below). 0.4ml samples 
were taken via a suba seal periodically from the reactor vessel during the 
course of the reaction, and analysed using the Shimadzu GC-14A gas 
chromatograph.
3.7.1 The Razel Model A-99 Syringe Pump
The Razel Model A-99 syringe pump was used for accurate injection of the 
1.05M 2-butyne-l,4-diol into the reactor during the continuous addition 
reactions. The Razel Model A-99 pump was designed to introduce a fluid at a 
reproducible flow rate from a syringe. Pulses produced by a stepper motor are 
used to control the feed rate from the pump, it has a pressure limit of 
270mm/Hg for a 50ml syringe. The pump has 99 selectable flow rates, which 
are readily changeable by a single switch, it contains a shut-off switch for 
when the syringe becomes empty, changing the size o f syringe allows 
different feed rates of solution to be achieved. For the purposes of the 
continuous addition series of experiments a pumping speed of 1.444ml/hr for 
a 50ml syringe was selected.
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Figure 3.7 Continuous addition apparatus
Razel-A99 Precision Syringe 
Pump
50ml Syrigne
Rotaflow Tap
B10 Socket
□□□
Plunger controlled 
by stepper motorReaction Vessel
Flexible Syringe Needle to 
Injection Needle Rate Adjust Switch
Injection Needle
B14 SubaSeal
Sinter
Condenser at back of 
reactor
B14 Sample Port
Stirrer BarOil Bath
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3.8 PROCEDURE FOR THE ISOLATION OF ISO- 
PROPOXYTETRAHYDROFURAN THROUGH MICRO­
DISTILLATION
Iso-propoxytetrahydrofuran is a major product that is produced during the 
reactions detailed in this thesis that employ the palladium catalysts. It was an 
originally unexpected product that is discussed in more detail in Section 5.11 
and Chapter 6 . To isolate and quantify iso-propoxytetrahydrofuran micro­
distillation apparatus was used, detailed in Figure 3.8.
The reaction procedure involved the use of the elevated pressure reaction 
vessel for a couple o f reasons; the rate of hydrogenation is quicker in the 
elevated pressure reaction vessel and the large volume of the elevated pressure 
reaction vessel allowed for reactions that could produce relatively large 
quantities of iso-propoxytetrahydrofuran. The reaction procedure itself was 
the same as the reduction procedure in Section 3.6.1 and the reaction 
procedure in section 3.6.4 for elevated pressure reactions, with one exception. 
The concentration of 2-butyne-l,4-diol that was introduced into the reaction 
vessel was 2.33M, ten times more than in a standard reaction. This increased 
concentration of 2-butyne-l,4-diol was used in order to increase the yield of 
iso-propoxytetrahydrofuran that was produced in the reaction vessel. The 
reaction was allowed to continue overnight until there was no further reaction. 
0.4ml samples where taken form the reaction vessel periodically to check the 
progress of the reaction, the catalyst was filtered off and the samples were 
analysed by GC.
Once the reaction was complete the resultant reactant solution was filtered to 
remove the catalyst and transferred into a labelled 500ml volumetric flask. 
This solution was used in several batches to try to isolate the iso- 
propoxytetrahydrofuran. For the micro-distillation 30mls of the solution was 
introduced with boiling chips into the sample flask with the stirrer bar (the 
boiling chips being present to prevent bumping). The sample solution was 
heated from between 40-90°C. Within this temperature range a number of
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different fractions were taken off and tested using GC analysis for the 
concentrations of their constituent components.
1 03.8.1 Using H and D NMR spectroscopy for the identification of  
iso-propoxytetrahydrofuran
All the proton NMR experiments were conducted using a DPX 400MHz 
NMR spectrometer. CDCI3 was used to dilute the samples (1 part sample:4 
parts CDCI3) 1ml o f undiluted sample was required for this, samples were 
then place in a nmr tube (5mm in diameter) and inserted into the spectrometer. 
Due to the dominant solvent feature within each sample (each sample being 
-90% solvent before dilution) all spectra had to be expanded so that the 
reaction products were visible.
The 2D experiments were conducted on a WP 200MHz NMR spectrometer, all 
the samples were run without dilution with CDCI3 . 4ml of each sample was 
required for each 10mm diameter NMR tube, the samples were than placed in 
the spectrometer and run.
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3.9 ANALYSIS OF SAMPLES
Gas chromatograph-mass spectrometry (GC-MS) was used for the 
identification of the reaction products obtained, by comparison of their 
retention times through the column against known standards, and in some 
cases through a combination of NMR techniques and GC-MS. For everyday 
quantitative analysis of the reaction products gas chromatography was 
employed.
A Hewlett Packard 5890 Series II gas chromatograph interfaced with a 
Hewlett Packard 5971 Series mass selective detector was used for primary 
identification of the species observed in the reactions. The Hewlett Packard 
5890 Series GC-MS was controlled through an interface to a Vectra QS 165 
computer. For the GC-MS analysis, a SGE BP20 0.25 capillary was used for 
the separation of the reaction products, it was 30m long, 0.25mm ID, 0.33mm 
OD and had a polyethylene glycol stationary phase.
Gas chromatography was used for the verification of the identities’ of the 
species present during reaction testing, by comparing the retention time in the 
column with those of known standards. The gas chromatograph that was used 
for this study was a Shimadzu GC-14A equipped with a flame ionisation 
detector (FID). An integrator supplied by Hewlett Packard allowed direct 
examination of chromatographic data. The capillary column that was used 
with the Shimadzu GC-14A was the same as the one supplied by SGE, 
detailed above. The sensitivity of the GC was calibrated with a standard 
solution to ensure precision of analysis, before analysis of the reaction 
samples.
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3.9.1 Gas chromatography operating conditions
For both the GC and GC-MS analyses the oven temperature of the gas 
chromatograph was controlled in 3 ramps, 80-120°C, 120-195°C and 190- 
220°C. The flow rate through the capillary column was 2ml/minute, the split 
flow rate was 50ml/minute, (helium was used as the carrier gas) this gave a 
split ratio of 1:25, the make-up gas flow rate was 45ml/minute of helium. The 
FID required of 300ml/minute flow of oxygen and 30ml/minute of hydrogen. 
The detector temperature was 240°C, the injector temperature was 240°C.
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3.10 MATERIALS
Chemicals were purchased from Aldrich, with the purities shown by Table 
3.10.
Table 3.10: Materials used for project
Chemical Purity (%)
2-butyne-l,4-diol 99
Cw-2-butene-1,4-diol 95
Butane-1,4-diol 99 +
Crotyl Alcohol 97
3-buten-l-ol 99
2-butyne-lol 98
3-butyne-l-ol 98 +
Propan-2-ol 99.95
Butan-l-ol 99.95
Chemicals were used as supplied without further purification, reaction 
mixtures for both the ambient and elevated pressure reactors were degassed 
with helium prior to use.
Gases supplied by BOC were H2 , He and 10% H2/N2 mixture. These were 
purified further before use, using deoxygenating catalysts and molecular 
sieves installed in the reaction lines.
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Chapter Four 
TREATMENT OF RESULTS
4.0 TREATMENT OF RESULTS
The reaction testing results are generally plotted as the number of moles of the 
reactant consumed/product formed versus the reaction time. The number of 
moles of 2-butyne-1,4-diol, c/s-2-butene-1,4-diol, butane-1,4-diol, butanol, cis 
and trans-crotyl alcohol, 3-buten-l-ol and iso-propoxytetrahydrofuran for 
each sample were calculated from calibration curves for each o f the species, 
that were produced using known concentration standards.
Once the quantities of each of the aforementioned species had been 
determined, the results of the reaction testing have been represented using the 
following definitions:-
Equation 4.1 
No.moles c is -2 - butene- 1 , 4 - diolformed „ .Selectivity = ----------------------------------------------------------- xl00%
No. moles o f 2 -  butyne -1 ,4  -  diol consumed 
Equation 4.2
_ . No. moles 2 -  butyne -1 ,4  -  diol reactedConversion = -----------------------------   ;-------x 100%
No. moles of 2 -  butyne -1 ,4  -  diol present initially
Reaction rates that have been listed in the comparison tables have been 
normalised to lg of catalyst. They are expressed as moles/litre/s/g catalyst to 
allow for comparisons of catalyst activity for the different reaction regimes 
that are reported in this study. The values expressed were calculated using 
linear lines of best fit derived via a computer program (Excel).
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The error bars that are displayed in the reaction profiles were determined by 
analysing a 0.233 molar 2-butyne-l,4-diol solution 200 times with the 
Shimadzu G.C. 14a, and multiplying the standard deviation by 2 from these 
analyses, to obtain an error of 5.996% in the concentration of the species 
present for each G.C. analysis. The selectivities and conversions for the 
reactions detailed in this study are quoted to two decimal places, the 
concentrations of the reaction species are quoted to four decimal places in the 
summary tables.
The turnover frequency has been defined as the number of moles reacting per 
litre per second, per active site on the catalyst, assuming that every surface 
palladium atom behaves as an active site.
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Chapter Five 
RESULTS AND DISCUSSION PART (I)
5.1 CATALYST CHARACTERISATION
5.1.1 Surface area measurements (BET)
The BET surface areas and porosities for the catalyst supports and the 
calcined catalysts are given in Table 5.1.1 for the 1% palladium catalysts. 
Characterisation for the 9.1% Cu/SiC>2 catalyst is detailed in David 
Anderson’s PhD thesis [1]. Table 5.1.1 is a summary table of the surface area 
results for the 1% supported palladium catalysts that were employed in this 
study.
Table 5.1.1: Summary of surface area results for 1% supported palladium 
catalysts
Catalyst or 
Support
N2 Surface 
Area (m2/g)
Total Pore 
Volume (cm3/g)
Average Pore 
Diameter (nm)
Carbon
support
Norit RX3 1199.50 0.63 2.30
1% Pd/C 1104.31 0.63 2.30
Alumina
support
Aluminium 
Oxid C
100.31 - -
1% Pd/Al203
(PdCla)
91.57 0.44 19.05
1% Pd/Al203  
(Pd(N03)2)
96.35 0.56 17.12
The results show that all three of the 1% palladium catalysts used in this study 
have surface areas in excess of 91 m2/g. It is apparent from the above table 
that the two Aluminium Oxid C supported catalysts have significantly lower 
surface areas than the 1% Pd/C catalyst (supplied by Synetix) which 
employed Norit RX3 as the support material.
These significantly different surface areas (in combination with other catalyst 
morpholigical factors) may lead to different chemistry being observed in the 
results reported in this study.
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5.1.2 Chemisorption
Section 3.4.3 gives a brief description of chemisorption, and how, using 
Equation 3.4.3, average % dispersion values can be obtained from CO 
chemisorption experiments (assuming a 2:1 CO:Pd ratio with the CO 
occupying mostly bridged sites [2]). To obtain particle sizes from dispersion 
data, assumptions must be made concerning particle shape, that is it was 
assumed that the supported metal particles were spheres of equal diameter (d). 
The dispersion of a metal (D) varies as the reciprocal of the average particle 
size, and as such the larger the value of D the smaller the average particle size 
[3], equation 5.1.2:-
Equation 5.1.2:
% Dispersion = -----^   xl00%
P  x S a X N a X d
where A = atomic weight 
p = density of metal
Sa = average surface area occupied by 1 active atom 
Na = Avogadro’s number 
d = average particle diameter
This equation is identical to that used by Smith, Thrower and Vannice [4]. It is 
equally valid for cubic particles with edges of length d. Hence for palladium, 
A = 106.42 a.m.u., p = 12.02x1 O'21 g/nm3, Sa = 0.0806 nm2 and d = 109/D 
nm. Table 5.2.1 is a summary table for the chemisorption experiments 
conducted on the three 1% palladium catalysts. It shows that the dispersion for 
the 1% Pd/C catalyst was only 9.56%, while the dispersion for the 1% 
Pd/AbCh (nitrate precursor) and the 1% Pd/AECE (chloride precursor) were 
94.41% and 70.01% respectively. As with the surface area results detailed 
above, this difference in the dispersions for the different catalysts may lead to 
different reaction chemistry being observed.
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5.1.1 SUMMARY FOR SECTION 5.1
• The minimum N 2  surface area for the 1% palladium catalysts was 91.57 
m2/g (for the chloride precursor catalyst), the 1% Pd/C catalyst had a N2  
surface area o f 1104.31 m2/g.
• The dispersion for the 1% Pd/Al2 0 3  catalysts were considerable higher 
than that for the 1% Pd/C catalyst.
• The different catalyst characterisation for the three 1% palladium catalysts 
may lead to different reaction chemistry being observed during the 
reaction testing.
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5.2 AMBIENT AND ELEVATED PRESSURE REACTIONS
This section summarises reactions that were conducted at ambient and 
elevated pressure. They were conducted primarily to investigate the liquid 
phase selective hydrogenation o f 2-butyne-l,4-diol to czs-2-butene-1,4-diol, 
but also the hydrogenation o f cw-2-butene-1,4-diol to try and further 
understand the overall reaction scheme. Evaluation of the reaction chemistry 
in different reactors and at different pressure provides a more comprehensive 
assessment of the chemical pathways accessible within this reaction system. 
This section can be further divided into three parts, i) ambient pressure 
reactions (Figures 5.2.1, 5.2.2 and 5.2.3), ii) elevated pressure reactions 
(Figures 5.2.4, 5.2.5 and 5.2.6), and iii) blank reactions (Figures 5.2.7, 5.2.8,
5.2.9 and 5.2.10).
The main purposes o f this section are to establish reaction in both the ambient 
and elevated pressure reaction vessels, and compare the hydrogenation rate 
and product distributions in the ambient and elevated pressure reaction 
vessels. This section is also intended to check if there is any significant 
difference between final product distribution, hydrogenation rates and reaction 
profile when programmed and non-programmed reduction are employed with 
the 1% Pd/C catalyst.
Latter sections of this chapter detail logical extensions o f these reactions with 
variables such as the catalyst weight, catalyst and reaction reagent. The vast 
majority o f the experiments listed here used a 1% Pd/C catalyst supplied by 
ICI Synetix. It was selected as being representative of heterogeneous catalysts 
used in fine chemical applications [5, 6, 7, 8].
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i) Ambient Pressure Reactions
Tables 5.2.1 and 5.2.2 detail a summary o f the reaction data, and Figures 5.2.1 
and 5.2.2 shows reaction profiles for ambient pressure reactions employing 
the 1% Pd/C catalyst with 2-butyne-l,4-diol and c/s-2-butene-1,4-diol 
respectively. Table 5.2.3 details a summary of the reaction data, and Figure
5.2.3 shows a reaction profile for an ambient pressure reaction employing 
non-programmed reduction of the 1% Pd/C catalyst and 2-butyne-l,4-diol. 
When programmed reduction of the catalyst is employed with the ambient 
pressure vessel the catalyst is reduced z«-situ in the gas phase. With non­
programmed reduction the catalyst is reduced in-situ in the liquid phase 
(detailed in Section 3.5). The reason for using programmed reduction of the 
catalyst is that, although palladium catalysts can be reduced in the liquid 
phase at room temperature, other catalysts such as supported copper catalysts 
can not. To allow for comparison between both supported palladium and 
supported copper catalysts the bulk of the reactions in this thesis are 
conducted with programmed reduction of catalyst (unless otherwise stated).
The experimental procedure for Figures 5.2.1 and 5.2.2 was the same as that 
detailed in Section 3.5 for an ambient pressure reaction that employed a 
programmed reduction o f the catalyst. Figure 5.2.3 employed non­
programmed reduction o f the catalyst to see if there was any significant 
difference the programmed and non-programmed reduction procedures with 
respect reaction rate and product distribution. Figures 5.2.1 and 5.2.3 reached 
a conversion of the 2-butyne-l,4-diol of 96.00% in 720 minutes and 95.90% 
in 720 minutes respectively. A selectivity in the order of 95% towards the 
formation of cw-2-butene-1,4-diol was maintained during the course of the 
reaction until 96.00% and 95.90% conversion of 2-butyne-l,4-diol for Figures 
5.2.1 and 5.2.3 respectively. Figure 5.2.2 reached a conversion of cis-2- 
butene-,4-diol of 99.04% in 720 minutes. For Figure 5.2.2 the selectivity 
towards butane-1,4-diol hydrogenation was unexpectedly low with it peaking 
at 30.81% after 60 minutes, and being in the order of 10% or lower during the 
course o f the reaction.
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Most importantly, there was no significant difference observed between the 
reaction profiles and hydrogenation rate for the programmed and non- 
programmed reduction of the catalyst in Figures 5.2.1 and 5.2.3 respectively 
(see Table 5.2). The initial rate of hydrogenation of 2-butyne-l,4-diol for 
Figures 5.2.1 and 5.2.3 was 1.96xl0'5 and 1.83xl0‘5 moles/l/s/g catalyst. The 
initial rate of hydrogenation for as-2-butene-1,4-diol for Figure 5.2.2 was 
1.74xl0‘5 mole/l/s/g catalyst. The major product for Figures 5.2.1, 5.2.2 and
5.2.3 at the end o f the reaction was iso-propoxytetrahydrofuran, followed 
closely by butane-1,4-diol. The final mass-balances for Figures 5.2.1, 5.2.2 
and 5.2.3 were 70.61%, 67.29% and 70.91% respectively. The mass-balance 
plots for Figure 5.2.1 and 5.2.2 can be seen in Figure 5.2.11 a) and b) 
respectively.
ii) Elevated Pressure Reactions
Tables 5.2.4 and 5.2.5 detail a summary o f the reaction data, and Figures 5.2.4 
and 5.2.5 shows reaction profiles for elevated pressure reactions employing 
the 1% Pd/C catalyst with 2-butyne- 1,4-diol and cw-2-butene-1,4-diol 
respectively. Table 5.2.6 details a summary of the reaction data, and Figure
5.2.6 shows a reaction profile for an elevated pressure reaction employing 
non-programmed reduction of the 1% Pd/C catalyst and 2-butyne-1,4-diol.
The experimental procedure for Figures 5.2.4 and 5.2.5 was the same as that 
detailed in Section 3.6 for an elevated pressure reaction that employed a 
programmed ex-situ reduction o f the catalyst (reduction o f catalyst in the gas 
phase). Figure 5.2.6 employed non-programmed in-situ reduction (reduction 
o f the catalyst in the liquid phase) as detailed in Section 3.6, to see if there 
was any significant difference the programmed and non-programmed 
reduction procedures with respect reaction rate and product distribution. 
Figures 5.2.4 and 5.2.6 reached a conversion of the 2-butyne-1,4-diol of 
96.29% in 120 minutes and 96.76% in 120 minutes respectively. A selectivity 
in the order of 95% towards the formation of cfs-2-butene-1,4-diol was 
maintained during the course o f the reaction until 96.29% and 96.76%
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conversion of 2-butyne-1,4-diol for Figures 5.2.4 and 5.2.6 respectively. 
Figure 5.2.5 reached a conversion o f cw-2-butene-,4-diol of 98.77% in 120 
minutes. For Figure 5.2.5 the selectivity towards butane-1,4-diol 
hydrogenation was unexpectedly low with it peaking at 24.13% after 10 
minutes, and being in the order of 10% or lower during the course o f the 
reaction.
Again, there was no significant difference observed between the reaction 
profiles and hydrogenation rates for Figures 5.2.4 and 5.2.6 (See Table 5.2). 
The initial rate of hydrogenation of 2-butyne-1,4-diol for Figures 5.2.4 and
5.2.6 was 3.07x10‘5 and 2.98x1 O'5 moles/l/s/g catalyst. The initial rate of 
hydrogenation for cw-2-butene- 1,4-diol for Figure 5.2.5 was 2.55x1 O'5 
mole/l/s/g catalyst.
As with ambient pressure reactions in i) there was formation of iso- 
propoxytetrahydrofuran observed during the course of the reaction for Figures
5.2.4, 5.2.5 and 5.2.6. There was also the formation of l-(2-propanyloxy)- 
butan-l-ol that was not produced in the ambient pressure reactions in this 
section. The possible route to the formation of l-(2-propanyloxy)-butan-l-ol 
is discussed in Chapter 6. The final product distributions for Figures 5.2.4, 
5.2.5 and 5.2.6 are similar to those produced in the ambient pressure reactions. 
As with Figures 5.2.1, 5.2.2 and 5.2.3 the major product at the end o f the 
reaction for Figures 5.2.4, 5.2.5 and 5.2.6 was iso-propoxytetrahydrofuran, 
followed closely by butane-1,4-diol. The final mass-balances for Figures
5.2.4, 5.2.5 and 5.2.6 were 64.77%, 64.12% and 62.09% respectively. The 
mass-balance plots for Figure 5.2.4 and 5.2.5 can be seen in Figure 5.2.11 c) 
and d) respectively. The mass-balance plots for Figure 5.2.3 and 5.2.6 are not 
included in Figure 5.2.11 because o f their similarities to Figure 5.2.1 and 5.4.1 
respectively.
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Table 5.2 Comparison between activation procedure and initial 
reaction rates for ambient and elevated pressure reactions.
Initial rate
Reaction Reaction reagent Reactor Catalyst activation type
(moles/l/s/g catalyst)
Programmed (in-situ, gas 
Figure 5.2.1 2-butyne-1,4-diol Ambient 1.96x10'
phase reduction)
Non-programmed (in-situ,
Figure 5.2.3 2-butyne-1,4-diol Ambient 1.83x10'
liquid phase reduction
Programmed (ex-situ, gas 
Figure 5.2.4 2-butyne-1,4-diol Elevated 3.07x10'
phase reduction)
Non-programmed ( in-situ,
Figure 5.2.6 2-butyne-1,4-diol Elevated 2.98x10'
liquid phase reduction
From Table 5.2 we can see that both the ambient and elevated pressure 
reactions in this section illustrate the ease o f activation of palladium for these 
types of hydrogenation reactions. The initial rates of hydrogenation for the 
two ambient pressure reactions detailed in Table 5.2, 1.96x10'5 and 1.83x1 O'5 
moles/l/s/g catalyst for Figures 5.2.1 and 5.2.2 respectively. The initial rates 
for Figures 5.2.1 and 5.2.2 are very close to each other, the same observation 
can be made for the elevated pressure reactions. It is experimentally easier to 
adopt a non-programmed in-situ activation o f the 1% Pd/C catalyst. This is 
unique to palladium catalysts. It is not possible to activate a supported copper 
catalyst in the same manner, they require programmed activation of the 
catalyst (Section 5.9).
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iii) Blank Reactions
Blank reactions were conducted to ensure that any observed reaction could be 
solely attributed to the presence o f the 1% Pd/C catalyst and not occur on the 
carbon support, or homogeneously in the reaction solvent. Figure 5.2.7 and 
5.2.8 are profiles for test reactions that were conducted using only the catalyst 
support instead of the catalyst in the ambient and elevated pressure reaction 
vessels respectively. In both Figure 5.2.7 and 5.2.8 the carbon support 
underwent a programmed reduction as detailed in Sections 3.5 and 3.6 for 
ambient and elevated pressure reactions respectively. The carbon support 
proved to be completely inactive in both the ambient and elevated pressure 
test reactions. Figure 5.2.9 and 5.2.10 are profiles for test reactions that were 
conducted with no solid present (i.e. Pd/C or carbon support) in the ambient 
and elevated pressure reaction vessels respectively. Both Figure 5.2.9 and
5.2.10 showed the solvent to be completely inactive to hydrogenation without 
the presence o f the catalyst, with no observed reaction.
53
Ta
ble
 
5.2
.1 
Am
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st
13oo
g
53 ^^ 
>
3
*4H
g 8
* 1  -< B
oO' NOt"; CNONOO•O- OOI"; coo; CNOO 00NOOOOOCOo NONOo O'CO<N
r~~
NOO-On ONONNOOncoON•0-ON>oOnNOOnCNONur!Ono OnO
COo COo OnOO>r!O ONO
r- NOONCON—J
COr-’ OO
CN ©NT) NOCOO"St oCNO ONONNOCO00IN; ONOOONCOOOCONOO©
CONOOOCN NOCN oCOCNCOTTCO©O' NOO' ©NT)
<r!NONOON
o o o
I CNCOO' NOC" OOo CNCNCOO' NOCOo o o o o o o o 1—H.-H.-Hi—11-HCNo o o o o o o o o o o o o o oo o o o o o o © o o o o o © o
© ©’ © © © o o © o’ © © © © © ©
0 cr
§  &
1  o 2 ■ ' E
>> o 7w
2 -S ^  ft o o 
V  o  S  ^  13 3
& G2 "o jg
•a 8 2 
O 13 £
2 ~55 c <u<» "73
o o o o o o o o
o o o o o o o
o o o o o o o
1—HNOr- o COO' NO*o NOoO' O' O' NONONONONOno r-o o o o o o o o o oo © o o © p p p o p
o © © o © © © © © ©
NONO_ 1 On ,—1 NOr~- CN CO
no NONOr- OOONONOn o oo o o o o o o o o .-Ht-Ho p o o o o o o o p o
© © © © © © o © o o' ©
NOOOONo r—C CNCNCOo- O' NOCOCOCOO' O' O' O' O- •O' ■O' NOo o o o o o o o o o oo o o o p o o o o o o
© o' o' o' o' o' o' o' o' o* o'
NOo
U O M
i  '-3 -2*2 i o
8 5  6co
<D O 5^£3 43 4)O ^ n  -*-> I o
& ~ & CQ -H C
gCQ ^  O
3
.5s
o o o o o o o o o o o o o o o o o op
o
co NOo CNCONOr" oCNCNCOCOCOCOco OO
o o o o o o o o o o oo oo oo op op op op oo
o o o o o o o o
COCNO' OOCONOCOr- •O' NO00 ■O' CO1 r-~ NOONNOONNO1—t r- NOON•O' t-H o CONO■O'
o o t-H CNCNCO■O' •o- NONOr- OOONo o CNoo o o o o o o o o o o o o ’—1 >—NCN
© © o' o' o o o o o o o' o o c5 <d o c>
OOONON00 ■O' r- NOCOo COo ■O’ ONl> NOCO•O'NONOr- NOOOCONO1-H NO•O' CNONCOOO■O' NO•O' OnCOCN t-H ^H o o OnONOOr- NONONOCOCN o oCNCNCNCNCNCNI—1 '—1 T—1 •—I >—1 T’ 6 '—1 T—H o
© © © © o o c> o o' o' o’ o' o o o’ o o o
o o oco NO On
o o o o o o o o o o o o o oCN NOOOi-H■O' o o CONOOnCN NOOOCN’-I 1 CN CN CN COCOCOCOO' O' O' t"-
54
14
40
 
0.0
07
4 
0.0
15
0 
0.
03
31
 
0.0
29
0 
0.0
12
4 
0.0
09
2 
0.0
08
9 
0.
03
78
 
96
.84
 
6.
57
16
80
 
0.0
07
5 
0.
00
41
 
0.0
39
6 
0.0
29
8 
0.0
14
5 
0.0
07
1 
0.0
09
9 
0.
04
81
 
96
.83
 
1.
79
18
00
 
0.0
07
4 
0.0
04
8 
0.0
41
9 
0.0
30
8 
0.0
06
3 
0.0
07
0 
0.0
09
9 
0.0
48
3 
96
.84
 
2.
12
28
80
 
0.0
07
4 
0.0
03
6 
0.0
43
2 
0.0
30
9 
0.0
14
9 
0.
00
71
 
0.0
09
9 
0.0
49
0 
96
.84
 
1.
58
Fi
gu
re 
5.2
.1 
Re
ac
tio
n 
pr
of
ile
 
for
 a
n 
am
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C
O
O
O
CO
~a
Q ..a
OJ CL
m
oo
LO
CN
O
§  W
CN
3
C
o  I
S  a> 
-  E
ooo
oo
LO
I
o
LO
CO
(|/S3 |OUl) UOj)ej;U33UOQ
55
Ta
ble
 
5.2
.2 
Am
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st 
and
 
cz
s-
2-
bu
te
ne
- 
1,
4-
di
ol
%_> v p  O o'- 4> '
00
(U> o
go
«+H
g 8
§ '35
i  O 2
’SQ ™
§■§•3
£-Sfi
£» CT 
g  *0 "35
t3 J§ «  i  o o •2 o cU 13 &
O i/jc <u
ed 'T?
S S
<0 O "35C ‘rS <U 
^  ! O
^  - SCQ ^  p.
(D O 5^ C ^  4>
® 73■HJ. O
, 3 ^ 0PQ -H vS
ot"<NCN
O
3
. 0
S
in i " CO H o ■ CO OO O oo o
00 00 Ov CO vq COo OO o in m OO
o ■3 - -3- CN o\ OO o OO CN* CN Os' Ov Osco CN r-^
o r~~ -3- Ov r- CO 00 N" 00 CO
fn !£ Ov I"; Ov OO CO OO C^ O •'3;
in OO in Os OO ■V3" CN CO 00 Ov OV OvI US CN CO m r^ Ov Os Ov Os Ov
Ov VO VO CO ■'3- CO OO uo OO m OV t" O
co CN •3’ o OO CN Os T—i OV o i-^
o i—i i—i CN CN CN CO CO '3 - m m m •n
o O o o O p o o O O p o o p
o O o o O o o ’ o O o c> o o ’ o
r- Os O 3" CO N" VO rr CN
<N «n VO OO oo Ov oo OV r^ 00 OO Os Ov
O o o o o o o o O o o o o O
O o o o o O o o O p p o o O
O o o o o O o o o o o o o O
in Ov CO o o VO ■■3- CN r- OO OO mIT) IT) r- 00 o CN c o m oo VO CN i~~ r-
o o o o 1-Hi-^ 1-^ r—( r—( CN CN o o o
o o o o o O o o O O o o o o
o o o ’ o ’ o ’ o o ’ o ’ o ’ o ’ o o ’ o ’ o
OO Ov o CO CO Tf m <n O '3 ' VO in
CO CO ■3- ■3- ■'3- 3- ■'3- "3- r—. o CO CN CO
o o O o o o o o O CN 1—11—1
o o O p p p p p O p O O o o
o o O o ’ o o o o O o o O O o ’
CO m o VO OO O in o ■'3"
O o 1—1i—i CN 1—( r~- o OO VO VO
o o O o o o o o i-Hi—t CN CN CN CNo p p p p p p o O O O O
o o o o ’ o o o o o O O O
■3" in ■3" CO Ov CO CN OO CN OO m r-
m m VO VO r-- OO OO CO CO m OO CO '3' ^3-
o o O o o o o 1—( 1—1 CN CN N" ■O' "3-
o o O o o o o o O o O O o O
o o o o o o o o o o o O o o
N - Ov ■3" VO 3- o VO VO o OO CN Os CO
o VO O •3" OO vo VO CO CN -o- CN CN 1—11—1
o Os 00 VO CO ( o VO 1-^ O O O o
CN CN i—* 1—1s—Vr—2 <—J 1—1 O o o O O o
o ’ O o o o o o ’ o O o o o O o
1—1 O o o o o o o O o o o o O<—iIJ wn CN OO ■3" o VO CN 00 '3 - o VO CN ov CN CO CO m VO VO C^- Os
56
Fi
gu
re 
5.2
.2 
Re
ac
tio
n 
pr
of
ile
 
for
 a
n 
am
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st 
and
 
ci
s-
2-
 
bu
te
ne
-1
,4
-d
io
l
oo
CN
O
O
O
Q_
Q .
oo
00
oo
CO
oom k
oo
CN
O
O
O
O
O
O
CO
ooolO
CN
O
O  
O  
CN
O  O  O  O
( |/S 0 |o iu )  u o i ) e j ) u a o u o o
57
Ta
ble
 
5.2
.3 
Am
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st 
(e
m
pl
oy
in
g 
no
n-
pr
og
ra
m
m
ed
 
re
du
ct
io
n 
of 
the
 
ca
ta
ly
st
)
]> ^  
O 0s-
"o
00
COOv c- ONr-; coo t"O; OONOOOOnO
c—H«o CON oO' OO■o >o O'COO COINO'r-
OnOno-ONINOnnONOnIN ONOnONOOnNOONCOON©ONNOOOinONinOnCNONNOONOnOO
<L>>
§u
O-i
X coo o
inCOO'COcoo
ON■OCOo OO NOOONOin oo NOCNOnr-; CNCNoONCO© OON
OOo vo’ NOn CNin CN■O' © © OnCOinCOr- i—i CNCNCOCOO' O' O' O' IN ON
I o o o o o
CNCOCOCONOIN o CNCNCOO' «n 1—1O o o o o o 1—11-H1—1 1—1CNo o o o o o o o o o o o oo o o o o o o o o p o o o
© o © © o © © © o © © © ©
s
S ts
& o o J3 J2 h O oV <1 £ 
eA 13 3
<ut oo ^  „
.4 8 2U 13 3
o
a-so^ s
N- CNCON IN Ono- OOCNco O' O' o- o- n •n •n in t"o o o o o o o o o oo p p p o o o p p o
© © © © © o © © © ©
ONCOm in NON- 1—1r~ Onr—1CNO' in •n t"- r-~ oo OOOnONo oo o o o o o o O O 1—1p o p p o o o O O o p
© © © © © © o © © © ©
o o o o o o o o
o o o o o o o
o o o o o o o
oOs
o o o o o o o o o o o o o o o g
IN O N- o OO1— 1 CNin 1— 1 COCOco co co O' COO' O' O' O' mo o o o o o o o o o oo O o o p p o o o p o
© ©’ o’ o’ o* © o’ o' o’ o’ o’
CQ
<D O w
i  '-s jj§ ' o 3 ^ gCQ
<D O 55 
§d o-
cq
WCflg ;g « • o
s
flj o ^
ti ' o 5 ^  c m _T RCQ
O' N VOCN—HNON CNCNCNCNCOCOco COOO
o o O o o o o o o o oo OO OO op op oo OO op
o o o o o o’ O o
OOCNO' OOOOCOVOr- 00 CNCNin CNO' NOO' inN VOOOCOONo- VON o CNi-H1—H»n IN in i—i
o o 1—H1—HCNCNco ■o O' in IN N- OOONo o NOoo p o p o o O o o O O o O 1—H l“HCN
© © © © © o o o C5 o o o O d O O O
COONCONONON- in CNCOCNCOONVOVOCOr-HNOo vo VO•n ONNONOCNCNO' ONO' ONOOCON COOnCOCNC—^T—t o OnONONOON- •n m COCOCN NOOCNCNCNCNCNi—i i—<F—H1—Ji—<i—j i—i y—i o O
© © o’ © © © o o o o o o’ o O O O o O
oco o oNO On
O O o o o o O o o o o o o oCN•n OO1—1O' N- o CONOOnCN•n o CNi—i i—i CNCNCNCOCOCOCOO' o- NOt~-~
58
14
40
 
0.0
07
3 
0.0
14
3 
0.
03
21
 
0.0
23
1 
0.0
13
2 
0.0
09
3 
0.0
09
2 
0.0
37
8 
96
.87
 
6.
29
16
80
 
0.0
07
3 
0.0
03
9 
0.0
35
2 
0.0
26
7 
0.0
13
4 
0.0
07
3 
0.0
10
4 
0.
04
81
 
96
.90
 
1.
72
19
00
 
0.
00
71
 
0.
00
51
 
0.0
42
3 
0.0
31
0 
0.0
14
2 
0.
00
71
 
0.0
10
3 
0.0
47
9 
96
.96
 
2.
25
24
00
 
0.0
07
2 
0.0
04
9 
0.0
42
5 
0.0
31
2 
0.0
14
2 
0.0
07
4 
0.0
10
5 
0.
04
81
 
96
.91
 
2.
16
Fi
gu
re 
5.2
.3 
Re
ac
tio
n 
pr
of
ile
 
for
 a
n 
am
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
(e
m
pl
oy
in
g 
so
lv
en
t 
re
du
cti
on
 
of 
the
 
ca
ta
ly
st
)
TJ■4
Q.
Q.
■Mil m
Hi:: m
m m
ooo
CM
oo
LO </><D
<1)
°  E o .E
O  I—
o o o o o o o o
LO o LO o LO o LO o
CO CO CM CM T— t— o o
d d d d d d d d
oo
LO
(l/saioiu) uojjejjueouoo
59
Ta
ble
 
5.2
.4 
El
ev
at
ed
 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st
■> ^  
"•«-> s?
O o'- .2 W 13C/3
<D> w
gu
CN
U
S3 o>
Cm 
X  1/3O 0) 
8*1
<Ds
3 *
-p o g O X! .2h o oV o c13 £
P o 1/5& J= «
' O O■a  ^aO 13
2 ^  C  4)
B oaa
<U O  To
i  • °  
3 !v8m
<d o To C ;a a> 
2 ■ o
PQ -H 3
<D[o
’-3
aCQ
<L>
g i£ a.
o 
o ^
cncn in oo osq cnt"; soin oo cncn SOcn CNcn ooOS inr- SOSOosin ooinN-oo N-OS cnOS idOs idOS OOK «n ©in oscn so © © © o © ©
oo in O cn cn oo OS OO CN Os Os o cn CN o r—1
in m cn 00 r- CN <N SO 00 OO OS Os O Os o s
cn in cn Os © cn id SO id so s o so SO id SO so
«—< CN in SO OS OS Os Os o s OS OS Os O o s o o
o o o o o o
cn o CN © r- 00 O OS OO OO 00 00o ■n- 1—Hn- N- N’ N- N" ■n- ■n-o o © © © © © © © o © ©o o © © © © © © © © © ©
© © © © ©’ © ©‘ © © © © ©
CN N" -n- 1—1 o CN r- oo cn (N O so m i—i n -1—1 CN CN cn cn OO cn oo i N" © Os Os © cn ©
© © © © © © 1-HCN CN cn N" N- cn cn N" ■n- Tj-
© © © © © © © © © © O © © © © © ©
© © © © © © © © © © © © © ‘ © © © ©
OO Os CN c n © cn ^ r OS in CN © Os Os oo ©
N - SO s o 1—^ CN CN © 1—H CN CN CN i—i i-H i-^ CN
© © © © i i iH i—i
© © © © © © © © © © © © © © © © ©
© © © © © © © © © © © © © © d © ©
Os ■n- o s © r- n- N" in so 1“ H <n ,—i ,—1 © © Os ©i—i cn m SOoo oo oo oo SO oo oo oo oo oo oo© © © © © © © © © © © © © © © © ©© © © © © © © © © © © © © © © © ©
© © © © © © © © © © © © © © © © ©
©  ©  ©
o o o o o
cn cn so Os © CN cn c~- CN © SO oo r - Os
cn cn so SO © rH CN cn N" N" cn cn cn cn
© © © © 1-^ 1—1 i-^ i-^ i-^ i—i i—t i—i i-^ i—t
© © © © © © © © © O © © o © ©
© © © ©* © © © © © © ’ © ‘ © © © ©
Os s o CN n - r - Os ,—1 © m cn OS
•^ r ■^r Os iM SO m n - n - N"
© © 1M i—i i—i CN CN CN CN CN CN CN CN
© © © © © © © © © © © © ©
© © © © © © © © © © © © ©
o o
in N" r—i SO © SO in ^-i cn in © N" -^i r - cn
cn ■n- SO © N" cn © i—i in SO r - r - oo so r~-© © © i—i i—i CN cn cn cn cn cn cn cn cn cn cn
© © © © © © © © © © © © © © © ©
© © © © © d © © © © © © © © © ©
-^i cn Os CNOs SO Os cn r- cn CNr- N" N" cn cn
r - i—HOs CN 00 © Os N" Os r- CN i-Hi—i i—i i—i
CN so OS CN m r- r- CN oo cn © © © © © ©
© © © i—• i—i •—1i—1i—i c—H© © © © © © © ©
© © © © © © © © © © © © © © © © ©
oo 00 OS © OS OS OO r - cn © cn cn cn CN cn cn cn
m cn © Os oo CN iM in oo oo oo r' r- r^- r- r-
cn © r - CN © r- CN rM © © © © © © © © © ©
CN CN T“H © © © © © © © © © © © © ©
© © © © © © © © © © © © © © © © © ©
oCn oCO oos
in © m © © © © © © © ©
© CN cn m 00 i-H N" © cn SO
i—1 i—1 i—i i—i i—1 CN CN CN cn cn cn
60
42
0 
0.0
07
3 
0.0
01
2 
0.0
41
6 
0.0
24
8 
0.0
13
8 
0.0
07
9 
0.0
11
9 
0.0
39
5 
0.0
04
8 
96
.92
 
0.
53
Fi
gu
re 
5.2
.4 
Re
ac
tio
n 
pr
of
ile
 
for
 a
n 
ele
va
ted
 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st
oo
■O
oo
CO
N R
Q .Q_
CM CL oto
CN
CM
oo
CN
O
t f  JMK- LO
u jo* 
i«a m
c'fiw CO'Vi o
M
o
ID
O
O
O
CO
d
ooo
d
o o
LO O  
CN CN
d d o o 
(l/se|oiu) uoj)ej;ueouoo
o
LO
Oo
61
Ta
ble
 
5.2
.5 
El
ev
at
ed
 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st 
and
 
cw
-2
-b
ut
en
e-
l,4
-d
io
l I 13r /"l
+->
'-I—< xO
O o'- (U w
<D> O
gO
o p
C  C/3
c3 ©
c n «/N r » on r -’—1 no o o '—1
o o no o
CN '—i 1—H >—1
CN1—H f^- On CNoo
On«o 00'Cf ON
o^r r-NO
oo* no NOo1—H00 uS NOHNO
r“HOncn CNO CNcn ■^r r- oOnON ONt"; m oq *n t";© NO,—4 OOOnCNOn cn oo On1—H CNCNcn <n <n t-- ONONON
on  c n  
CN N"
o o o o o o o
NOONON■n- NO1—HNONOO O o cn -'3-O O o o o o o oO O o o © o o ©
© © © © © o © ©
<4-1
X  i/i O «
<a
s
J o
r - CN NO cn NO »n ON m r - NO 4—1 r ^
cn cn ON o O n cn r~ O n NO ON 00 ON ooo 4—4 4—4 4— 1 CN CN cn cn cn N- N - r^o © © © o © © o o © O o o ©
© © © © © o o o © © © o © ©
—  I °o
6
o cn oo CNNOONOno o On oo Os ocn r- oo ONONo O CNO 4-H 4—4 4— ( CNo o o o o 1—H l-H 1— 4 1— t 1 -^ 4— t 4-H 4 - ^ 4 - ^© o o o o © O O o O o o o o
© © © © © © © O o O o o c> o
3  .2 «ft O O 
I -2 P3^  13 £
M I Q
r-l </NCNCN NO cn cn cn U-) cnm m OOr- ONCNCN oo 4-^ NONO NOo o O o o 4—44—1 4—t CNCNo o oo o o o o o o o o O O o o o
o’ o o' o’ o o’ o o o o o o’ o o’
£ oO J3 
•2 8 O "3
O  c/3c <uO
3 BPQ
O  O  1/3
§ ^ •3
S 4- 1m — fi
<D O 1/5
S ^ -3
PQ '-H -5
<D
i-s5  . 8 .
CNN" ONCNCNNOm NOoo r- 4—4 r—1 m cn4—Hcn cn ■'3' '3- N" o o cn CNCNo o o O o o o O o 4—4 CNi—H4—4 4-^o o p o o o o o o o o o o o
o o o’ o o’ o o o o o’ o o o’ O
o o o
O NOONNOoo >o <n r^- NONO
1—H o o 4— 4 CNm 1—i NOo o •oO o o o o o 1— 1 4—4 CNcn CNCNO p o o p o o o O o o o
o o o o o o o o O o o o
rf r- ON ONNOOn1—HOn T—4 >n 00 OnNO«o oo NOr- r- 1—H 4— 1 cn OnNOr- ooo o o o o o o 1— ( 4— t CN 4— t cn cn cno o o p o o o o o o O o o p
o o o o o o o o o o o o o o
o NONO oo NOm NONO cn NOON NO cncn cn cn »/■} o O cn On CNCN 4— 4cn 4— 1 o ONoo NON’ 4— 4 ONl/N 4— 4 o o o oCNCNCN 1—H 1—^ < -* o o o p o p p
o o O o o o’ O o o o o o o o o
o o o o o o o
CN m  T f  ncn t ' '  o o  on
o o o o
O  — I CN 0 0
o■'3-
CN
62
Fi
gu
re 
5.2
.5 
Re
ac
tio
n 
pr
of
ile
 
for
 a
n 
ele
va
ted
 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st 
and
 
ci
s-
2-
 
bu
te
ne
-l,
4-
di
ol
Q.Q_
o. 9-' CNICN
o
m
CN
o
oo
CN
d
oin
M
O OO
o
N-
CN
o
CN
CN
O
O
CN
O
CO
O
CD
O
o
CN
O
O
O
00
o
CD
O
O
CN
</)
CD
3
C
CD
E
i -
mo oo
(l/sd|Otu) uo!;bjju80uoq
63
Ta
ble
 
5.2
.6 
El
ev
at
ed
 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st 
(e
m
pl
oy
in
g 
no
n-
pr
og
ra
m
m
ed
 
re
du
ct
io
n 
of 
the
 
ca
ta
ly
st
)
'd Np O O' JD w
"53C/D
<u>cou
r—1CNNONOt'- ONe> NOr- OnNOOn NOin NOin NOinno OOe~- ONin in m CNr- e'­
On dOs o’ONinONoooo Onoo dr- oom CNcn en O d d d
cn cncn r-cn r-t-; e-~in OnNOCN<N NO NOt"; CNNO<Ne— CNe~- cnNO cnNO
OnCNNOcnm ONNO©ONON NOOnNOONNOOn NOONNOONNOONNOOnNOOn
I s
,  1 oS
cs & § 
-  fe.fi
o o o o o o
c n ■n- CN o o i n NO NO NO NO
o o c n N - ■n-o o O o o O o o © oo © o o o O o o o o
© © © © © © © © © ©
43 _
X vi O a>• S'13
5 tS.
<u
§
X3
oO 43
~ o 
£&
£ °  §5 O 43 Jg
■a 8 g 
U 73 'S
2 ^  C a>
CT$-M O
f i f i
<u<D O§ O t; J. 
5  ^  aPQ
<D O  i/5
S'-?-s3  4  § n — £
OO
CN c n CN c n o o o o i n f—H CN CN CN CN c n N -
l-H CN CN CN CN NO CN NO l-H O i-h i—i H
o o O O O © i-H CN CN c n ■"ef ■n- ■n’ -'3- -n-
© o © o o o o O © o o o o o o
© d d d d d d d d d d d d d d
c n CN CN c n o c n c n c n r j-
CN c n i n m o o o o o l-H l-H l-Ho o o © 1—1 1—4 l-H l-H i—H l-H l-H f-H i—i 1—H© o o © o O o o o © o o o o o
© d d d d d d d d d d d o d d
o CN NO NO r- NO o o NO NO r- OO i n m i n i n
l-H c n < n i n NO « n c- e—r - NO e-~ r- r - r-~ r-© o o o o o o o o o o o o o oo o o o o o o o o o o o o o o
© d d d d d d d d d d d d d d
CN o CN c n m N" e'­ c n O n l-H
c n c n NO NO O o l-H CN e n c n c n CN c n
o o o o o o 1—1 T—t l-H i-h i—t .—I l-Ho o o o © © o O © o o o o
d d d d d d d d d d d d d
o o o o o
e'­ o CNcn r- o —i cn N- N"en •n- cn cn oo "3- ■n- N"o o l-H CNCNCNCNCNCNo o o o O O O o O o o
d d d d d d d d d d d
cn cn -^4 ■n" NO CN NO in 1—Hoo oo NO r - oo
CN N" in o ■n- CN o 1—H in e-~ e'­ e'­ e~- e'­o o o l-H 1—H CN cn cn cn cn en en en eno o o o o O o o o o o o O o
d d d d d d d d d d d d d d
oo c n CN CN o N" o CN 1—H CN c n c n c n
1-H oo N" OO in o m o NO CN CN l-H
c n NO O CN ON NO c n l-H t~- c n O o o oo o l-H 1—1 l-H l-H ■-H o o o o o o
d d d d d d d d d d d d d d d
«  "o "35
1 3 - i
a s s
NO 0 0 o o CN CN 3 ^- o oo oo ON oo ON ON H^i—Ho in o O i 11 < c n CN c n t - ' e-~ r- e'­ e'­ e- OO OOo e-~ CN 1 ■H r - CN o o o er* er) o o o
CN CN H o o c> o o o o eq o er> o
d d d d d d d d d d d d d d d d
<D
i - i
m o m o «o o
<—i c n  t j- s o  e—■ on
in o in o o o O o Oo CNcn in oo l-H C" cn CN
l-H l-H l-H f-H l-H CNCNcn
64
Fi
gu
re 
5.2
.6 
Re
ac
tio
n 
pr
of
ile
 
for
 a
n 
ele
va
ted
 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st 
(e
m
pl
oy
in
g 
so
lv
en
t 
re
du
cti
on
 
of 
the
 
ca
ta
ly
st
)
~n
CL
c l
CM
CM
CM
M
M
■
OO oo o o oo
CO
LO
CNI
o
o
CNI
O
LO LO
O
oo
Nj-
o
LO
CO
oo
CO
o
LO
CN
oo
CN
o
LO
oo
o
LO
(/>0)
3
C
<D
E
oo
(l/satotu) uojiejjueouoo
65
Ta
ble
 
5.2
.7 
Su
m
m
ar
y 
tab
le 
for
 
Se
cti
on
 
5.
2
o
CNr-
o
CN
o
CNr-
o
CN
O
CN
O
CN
cn
VO
o s
oo
oo
in
00
oo
cn
CN
Os
P"
in
•p"
P"o
cn
Os
rd 75 HS P P.3 g l 3
voor-
OsCNKVO
O s
O
r-r-
p-VO
(N
P"VO
Os
©
CN
VO
a>15 2 *3 4>§ 3■y p o -i->p o pP 43 p 43 P43 o O 43 o o 45 Q
Sf §-4-» <+-T43 §-4H
o2 s -4->■&X P43 -t-> X -«-> ■£X2o _ r o o o op2 o*? cis
-cr p2 .oTd
lH01>5
o
PO
M
o•T3p■o1/5
l-H
p■o75
l-H
T Plo75
l-H
43
OJJ
*P
oIho
<u h-«y c - h  
x> o o
s p
§*3 sg-o ia, ' -2
. P; vj
9 ~Vi
O —i
«M" I  *1 2  3  8
^  p
p o
£3 ^  P _T
o  a>vi a
P43
»H
01
.«2s
T3
* , 1 3
S J  8
5?X —hP .2 >»>H 1^2 -4->p .^9 oO J. Vh tl O23 r> TCL _■ J
a T  .s § ^
x
CN
vq
cn
xCNCN
cn
Xoo
cn
Xt~"-
s q
in
O
X
p-
o
X■^H
in
in
X
VO
Os
Xp- xcnoo
X
r --
p
cn
X
in
in
CN
X
OO
o sCN
o
*
' O
>»
Ii
CN
<L>P43i
CN
•S  * 2  O ^
o
T3
IP
JDI
CN
.2T3
8
IiCN
8
<u-4->
2i
CN
•a o 
u  * 5
.2
t 3
S.
Ii
CN
CN ^  in g 
2  -2
oo S 
E  v S
CN
CN ^  in g  
a> Si
* 'poo a
E  S
p p
CN <^ _ N CN ^ ^
in -♦-> inc d>
d> <u
E
<D
g 1
op 2 00
E p
•
P T3
m
nn
2  1  p  ^5o .2
E
VO
H ^•o U
8 1  g >
00 • ^H
P ,
66
Figure 5.2.7 Reaction profile for ambient pressure reaction 
employing the the carbon support
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Figure 5.2.8 Reaction profile for elevated pressure reaction 
employing the the carbon support
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Figure 5.2.9 Reaction profile for ambient pressure reaction with no 
catalyst present
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Figure 5.2.10 Reaction profile for elevated pressure reaction with 
no catalyst present
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5.2.1 Discussion for ambient and elevated pressure reactions
In the experiments in this section reaction has been successfully established 
for the ambient and elevated pressure reaction vessels, the ambient and 
elevated pressure reactions in this section are benchmark experiments by 
which other catalysts and reagents can be compared to. All the ambient and 
elevated pressure reactions in this section show a number o f products that 
would not be expected from work detailed in the literature when employing 
the 1% Pd/C catalyst [9]. The products that would not be expected from the 
ambient pressure reactions are 3-buten-l-ol and iso-propoxytetrahydrofuran. 
The products that would not be expected from the elevated pressure reactions 
are 3-buten-l-ol and iso-propoxytetrahydrofuran and 1 -(2-propanyloxy)- 
butan-l-ol. In all the reactions in this section 3-buten-l-ol is likely to be 
formed from derived for a isomerisation on the surface o f the catalyst of either 
cis or trans-crotyl alcohol. The possible formation mechanism for iso- 
propoxytetrahydrofuran in the ambient pressure reactions, and iso- 
propoxytetrahydrofuran and l-(2-propanyloxy)-butan-l-ol in the elevated 
pressure reactions is discussed in more detail in Chapter 6.
Comparing both the ambient and elevated pressure experiments in this section 
that detail the selective hydrogenation of 2-butyne-l,4-diol and cz's-2-butene-
1,4-diol, it can be seen that the increase in pressure between the ambient and 
elevated pressure reactions does not have a significant effect on the final 
product distributions (with the order of the major products being same, Table 
5.2.7) . There is however the presence of l-(2-propanyloxy)-butan-l-ol in the 
elevated pressure reactions (Figure 5.2.4, 5.2.5 and 5.2.6) that is not observed 
in the ambient pressure reaction (Figure 5.2.1, 5.2.2 and 5.2.3). This formation 
of l-(2-propanyloxy)-butan-l-ol is probably due to the increased pressure in 
the elevated pressure reaction vessel (more discussion about the formation o f
l-(2-propanyloxy)-butan-l-ol can be found in Chapter 6).
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Looking at Table 5.2.7 we can see an increased rate of hydrogenation when 
comparing the elevated with the equivalent ambient pressure reactions. The 
rate of 2-butyne-l,4-diol hydrogenation increases from 1.96xl0'5 to 3.07xl0'5 
moles/l/s/g catalyst when comparing Figure 5.2.1 with Figure 5.2.4. A similar 
rate increase in hydrogenation rate can be seen by comparing Figure 5.2.2 and 
Figure 5.5.5, from 1.74x1 O'5 to 2.55x10"5 moles/l/s/g catalyst. There was also 
a correspond increase in T.O.F. This increased reaction rate and T.O.F. was 
due to the increased pressure that the elevated pressure reaction vessel 
operates under.
It should be noted that the rates detailed here are in moles/l/s/g catalyst, they 
have been normalised by concentration, and catalyst mass, they have not been 
normalised for total of moles of reaction reagent that were present in the 
reaction vessel. This can give a misleading impression o f the actual rate of 
hydrogenation in the elevated pressure reaction vessel, with it appearing lower 
than it actually is. The amount of catalyst mass, reaction reagent and propan- 
2-ol is four times greater in the elevated pressure reaction vessel, each of their 
respect quantities have been scaled up equally to allow for comparisons 
between the ambient and elevated pressure reaction vessels. It can be seen 
clearly from the reaction profiles that for the ambient and elevated pressure 
reactions that in the elevated pressure reaction vessel the reaction rate is 
approximately 6 times faster, with it taking only approximately 120 minutes to 
fully hydrogenate the 2-butyne-l,4-diol and cw-2-butene-1,4-diol present in 
the reaction vessel, as opposed to the equivalent reactions in the ambient 
pressure reaction vessel that require approximately 720 to fully hydrogenated 
2-butyne-l,4-diol and c/s-2-butene-1,4-diol.
The values for % conversion at t=100 minutes are another way to illustrate the
increased hydrogenation rate in the elevated pressure reaction vessel, when
comparing the ambient and elevated pressure reactions (Table 5.2.7). At
t=100 minutes the % conversions for Figure 5.2.1, 5.2.2 and 5.2.3 are 9.63,
8.48 and 8.85% respectively. For the equivalent reactions in the elevated
pressure reaction vessel, At t=100 minutes the % conversions for Figure 5.2.4,
5.2.5 and 5.2.6 are 92.43, 74.54 and 93.04% respectively. Clearly the elevated
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pressure reaction allows for a greater degree of conversion o f the reaction 
reagent in a shorter period of time. From Table 5.2.7 it can be seen that the 
rates of hydrogenation of czs-2-butene-1,4-diol (Figures 5.2.2 and 5.2.5) are 
slower than those for 2-butyne-l,4-diol (5.2.1 and 5.2.4) in the same reaction 
vessel.
There was relatively little hydrogenation o f c/s-2-butene-1,4-diol when there 
was still 2-butyne-l,4-diol available in the reaction vessel for hydrogenation 
in the ambient and elevated pressure reactions. If we look at the ambient and 
elevated pressure reactions that employed cw-2-butene-1,4-diol we can see a 
variety of “side products” e.g. cis and trans-oxotyl alcohol, 3-buten-l-ol, 
butanol, iso-propoxytetrahydrofiiran (and in the elevated pressure reaction 
vessel l-(2-propanoyloxy)-butan-l-ol) being formed in greater concentrations 
than they were in reactions that employed 2-butyne-l,4-diol, during the initial 
stages of the reaction. This suggests that the reaction products are derived 
form czs-2-butene-1,4-diol, rather than directly from 2-butyne-l,4-diol.
The reason that the rates o f hydrogenation o f 2-butyne-l,4-diol and formation 
of czs-2-butene-1,4-diol do not correspond exactly is because there is minor 
amounts of the cw-2-butene-1,4-diol is able to access the active sites on the 
catalyst surface in Figures 5.2.1, 5.2.3, 5.2.4 and 5.2.6. This is reflected in the 
selectivity to czs-2-butene-1,4-diol formation. It is around 95% for all the 
reaction in this section that employ 2-butyne-l,4-diol as the reaction reagent, 
up to frill conversion of 2-butyne-l,4-diol. If  the rates o f hydrogenation of 2- 
butyne-l,4-diol and formation of cw-2-butene-1,4-diol varied considerably, it 
would be indicative of cw-2-butene-1,4-diol being converted into the other 
products observed in the reaction profile, when there was still 2-butyne-l,4- 
diol present in the reaction vessel. The rates are not different enough when 
taken in conjunction with the values for the selectivity to cw-2-butene-1,4-diol 
conversion to show that there is significant hydrogenation/reaction o f cis-2- 
butene-l,4-diol when there is still 2-butyne-l,4-diol present in the reaction 
vessel. Czs-2-butene-1,4-diol can be thought as a hub through which the 
formation of all the other reaction products can commence.
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Comparing the selectivity for the hydrogenation o f 2-butyne-l,4-diol in the 
ambient and elevated pressure reactions, with the selectivity of the 
hydrogenation of c/s-2-butene-1,4-diol in the ambient and elevated pressure 
reactions, illustrates an interesting point. After the initial period the selectivity 
to the formation of cw-2-butene-1,4-diol formation is over 95% in both the 
ambient and elevated pressure reactions. The selectivity towards the formation 
o f butane-1,4-diol for the hydrogenation of ds-2-butene-1,4-diol in both the 
ambient and elevated pressure reaction vessels in the order of 10% or lower. 
Butane-1,4-diol was chosen for to base the selectivity on because it involves 
the gain of two hydrogen atoms in a cw-2-butene-1,4-diol molecule, as does 
the hydrogenation of 2-butyne-1,4-diol to cz.s-2-butene-1,4-diol. Butane-1,4- 
diol represents the next logical step for a sequential hydrogenation of 2- 
butyne- 1,4-diol after it has been converted to cw-2-butene-1,4-diol. The low 
selectivity towards the formation o f butane-1,4-diol (10% or less) in both the 
ambient and elevated pressure reactions illustrate the ability o f the adsorbed 
c/.y-2-butene-1,4-diol species to be converted into butane-1,4-diol, but also the 
other “side products” (the “side products are butanol, cis and /nmy-crotyl 
alcohol, 3-buten-l-ol, iso-propoxytetrahydrofuran and 1 -(2-propanyloxy)- 
butan-l-ol in the case o f the elevated pressure reactions).
The first stage of the reaction can be thought o f as the complete hydrogenation 
o f 2-butyne-1,4-diol, i.e. 100% conversion. The second stage o f the reaction 
can be thought of as when there is no further reaction occurring in the reaction 
vessel, i.e. 200% conversion. The hydrogenation reactions in this section for 
2-butyne-1,4-diol show high selectivity towards the formation o f cw-2-butene-
1.4-diol (circa 95%) in the first stage of the reaction. In the second o f the 
reaction there is low selectivity towards the formation of butane-1,4-diol (10% 
or less), hence the formation o f the other “side products”. The czs-2-butene-
1.4-diol hydrogenation reactions mirror the second stage o f the 2-butyne-1,4- 
diol hydrogenation, with low selectivity towards butane-1,4-diol.
If we consider the mass-balances on Figure 5.2.11 we can see they are not
complete. The ambient pressure reactions, Figures 5.2.1 and 5.2.2 have
70.61% and 67.29% final mass-balances respectively. The elevated pressure
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reactions, Figures 5.2.4 and 5.2.5 have 64.77% and 64.12% final mass 
balances respectively. Clearly some of the starting reagent is being converted 
into some species that can not be easily detected using the GC set-up that was 
employed for this project. Subsequent work conducted by Iain Duncanson has 
found using superior GC apparatus, that this deficit in the mass-balance is due 
to the formation of butane and butene during the course o f the reaction [10]. 
Any mass-inbalance with the 1% Pd/C catalyst can be attributed to the 
formation of butane and butene during the course of the reaction.
Figures 5.2.7 and 5.2.8 show that there is no reaction when the 1% Pd/C 
catalyst has been substituted for the carbon support in the ambient and 
elevated pressure reaction vessels respectively. Figures 5.2.9 and 5.2.10 show 
that there is no reaction when there is no reaction when there is no catalyst 
present in the reaction vessel in the ambient and elevated pressure reaction 
vessels respectively.
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5.2.2 SUMMARY FOR SECTION 5.2
• Reaction has been established for the ambient and elevated pressure
reaction vessels, we have benchmark reactions by which we can compare
other catalysts and reagents.
• Iso-propoxytetrahydrofuran is an unexpected (major) product at the end of 
the reactions in this section that is likely to be formed through a solvent 
interaction.
• The final product distributions for the ambient and elevated pressure
reaction vessels are essentially the same (with the exception o f l-(2-
propanyloxy)-butan-l-ol produced in the elevated pressure reaction
vessel).
• Hydrogenation rate and T.O.F. increase form the ambient to elevated 
pressure reaction vessels, with the increase in pressure.
• Reduction o f the 1% Pd/C catalyst by non-programmed reduction does not 
yield significantly different reaction profiles, hydrogenation rates and final 
product distributions, when compared with experiments that employed 
programmed reduction.
• When there is 2-butyne-1,4-diol still present in the reaction vessel, very 
little if any, hydrogenation of cw-2-butene-1,4-diol occurs.
• There was no reaction observed without the catalyst present.
• There was 95% selectivity towards czs-butene-1,4-diol formation, but only 
10% selectivity towards butane-1,4-diol formation from czs-2-butene-1,4- 
diol.
• The mass-imbalance was due to the formation of butane and butene.
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5.3 COMPETITIVE ADSORPTION EXPERIMENTS
This section summarises reactions that were conducted at ambient pressure to 
investigate the issue of competitive adsorption. Competitive adsorption 
studies are of interest, because they give an insight into the reaction 
mechanisms that occur at the catalyst surface. Competitive-adsorption studies 
have been performed to ascertain if the rate of 2-butyne-1,4-diol 
hydrogenation to c/s-2-butene-1,4-diol is affected by the addition o f a known 
amount of cw-2-butene-1,4-diol to the reaction solution, at the start of the 
reaction. Evaluation o f reaction rates as the proportion o f alkynediol and 
alkenediol is varied will provide insight into the relative adsorption 
coefficients o f the two adsorbents on the Pd/C catalyst.
Indirectly, these studies also provide information on the distribution of active 
sites. If there is just one type of active site on the catalyst surface then the 
addition o f cw-2-butene-1,4-diol to the reaction mixture may encourage 
competitive adsorption o f the 2-butyne-1,4-diol and cw-2-butene-1,4-diol at 
the active site on the catalyst surface, the rate of butyne-1,4-diol 
hydrogenation may be affected. If  there are two different types of sites at the 
catalyst surface, then the addition o f cw-2-butene-1,4-diol to the reaction 
mixture will not affect the rate at which the 2-butyne-1,4-diol is hydrogenated, 
the two sites can act independently from each other. There may however be 
only one main active site that is responsible for 2-butyne-1,4-diol 
hydrogenation to cw-2-butene-1,4-diol (and the other products) and cis-2- 
butene-1,4-diol hydrogenation to butane-1,4-diol (and the other products). If 
this is the case then this could be explained by the fact that the heat of 
adsorption for butyne-1,4-diol is more favourable to that of the cw-2-butene-
1,4-diol {i.e. 2-butyne-1,4-diol is more strongly bound to the catalyst surface).
In studies reported in the literature the selectivity that is observed during 
alkyne hydrogenation is attributed to the stronger adsorption of the alkyne 
compared to that o f the alkene [11, 12, 13, 14. 15]. It was found in ultra-high 
vacuum acetylene adsorbs more strongly than ethylene [16]. The adsorption
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coefficients for alkynes are always higher than those for alkenes [53]. This 
leads to preference of their hydrogenations in competitive hydrogenations.
Tables 5.3.1 and 5.3.2 detail a summary of the reaction data, and Figures 5.3.1 
and 5.3.2 shows reaction profiles for ambient pressure reactions employing 
the 1% Pd/C catalyst with an alkyne:alkene ratio of 1:1 and 2:1 respectively.
The experimental procedure for Figures 5.3.1 and 5.3.2 were essentially the 
same as that detailed in Section 3.5 for an ambient pressure reaction that 
employed a programmed in-situ reduction of the catalyst. The main 
differences from the reaction procedure stated in Section 3.5 were the 
concentrations of the starting solutions. For Figure 5.3.1 a reaction solution 
with a concentration of 0.233molar 2-butyne-1,4-diol and 0.227molar cis-2- 
butene- 1,4-diol was employed, for Figure 5.3.2 a reaction solution with a 
concentration of 0.233molar 2-butyne-1,4-diol and 0.114molar cw-2-butene-
1,4-diol was employed. Table 5.3.3 has summary data for other competitive 
adsorption experiments that were conducted.
As with the ambient pressure reactions that employed the 1% Pd/C catalyst for
the hydrogenation of 2-butyne-1,4-diol, in Figures 5.3.1 and 5.3.2 there was
formation of iso-propoxytetrahydrofuran observed during the course o f the
reaction. Iso-propoxytetrahydrofuran was present in smaller amounts than
would be expected for a reaction that had no cw-2-butene-1,4-diol present at
the start o f the reaction. In both Figures 5.2.1 and 5.2.1 there was suppression
of the other products that would not have been seen at the end o f the reaction
if there had been no addition of the cw-2-butene-1,4-diol in the starting
reaction solution, e.g. iso-propoxytetrahydrofuran was not the major product
at the end of the reaction. Full hydrogenation o f the 2-butyne-1,4-diol was
effectively reached in approximately 720 minutes for both Figures 5.3.1
(96.66% conversion by 720 minutes) and 5.3.2 (96.79% conversion by 720
minutes), this compares favourably with the length of time that is required to
fully hydrogenate the 2-butyne-1,4-diol when there is no addition of cis-2-
butene- 1,4-diol at the start o f the reaction. Both Figures 5.3.1 and 5.3.2 had
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high selectivity towards cw-2-butene-1,4-diol formation. Figure 5.3.1 had in 
the order of 92% selectivity to c/s-2-butene- 1,4-diol until 86.59% conversion, 
and Figure 5.3.2 had in the order 97% selectivity to czs-2-butene-1,4-diol until 
79.42% conversion of 2-butyne-1,4-diol. These selectivities compare 
favourably with the selectivities from Section 5.2.
The rate of hydrogenation of 2-butyne-1,4-diol was 2.08x1 O’5 and 2.09x1 O'5 
moles/l/s/g catalyst for Figures 5.3.1 and 5.3.2 respectively. The major 
product at the end of the reaction was ds-2-butene- 1,4-diol, instead of iso- 
propoxytetrahydrofiiran as it had been in Section 5.2, this is because the 
reactions were stopped before all the cis-2-butene-1,4-diol had been allowed 
to hydrogenate. The final mass balance for Figures 5.3.1 and 5.3.2 was 
101.07% and 97.96% respectively, these compare well with the mass balance 
for Figure 5.2.1 at only around 70.61%.
78
Ta
ble
 
5.3
.1 
Am
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st,
 c
om
pe
tit
iv
e 
ad
so
rp
tio
n 
ex
pe
rim
en
t 
(1
) 
(1:
1 
Al
ky
ne
 :
Al
ke
ne
 
ra
tio
)
■> ^  *-4-> N®Ow
13
C/3
<D>coU
(4-1
43  _
Xo <o
C3<u
I  o
<DoO ^h o o£ -  aC-i CS w
<L>2 oo  43J, o o •E3 o j-
O 13 £
© c/5G <D
•4-* o
o o
■2 ■ o
5  ^  S m -h vB
U O MC <Uw I ”o t; 1  O3 ^  fiCQ ^  3
<D o 
CO ~
r - Ov n - CN c n cn t-- VO 1—H r - i nOv oo Ov h ; t" ; i n © c n o VO c n voo o ’ Tf- CN CN cn N- CN o ’ © Ov CN ©o ON OV Ov OV Ov OV Ov Ov OO oo oo
cn VO 00 VO CN VO OO OV cn vo
vo c n o h - ^H O 4—1 4—4 cn i n i n voo c n cn o vo Ov i n cn c n © vd CN vd4-H CN m cn N- i n vo t-- oo 00 Ov OV
c n c n «n i n r - 00 00 ©
o o o o o o © ^H
o o o o o o o o o o o © ©p o p o o o © ©
o o o © © o © ©
o CN oo Ov Ov
o CN cn cn cn
o o o o o o o o op
o
p
O
p
©
©
©
©
© o O © ©
oo CN cn i n oo o CN CN vo 00 © (N
o CN N- m i n i n i n i n VO VO
o o O o o o o o o o o © ©o o p o o o o o o o © ©
o o o o © © © © o © © ©
c n cn VO
CN i n m
o o o o o o o o o o Oo
©
©
©
©
o © o ’
oo Ov r - n -4-H T-H cn VO r - cn
o o o o o o o oo
o
p
o
p
O
O ©
CN
©
o o © o <d ©
i n m oo ov Ov OV r - CN Ov © ©
CN CN m vo vo t> r - oo OV OV 1—H ^H
o o o o o o o o o o O l-Ho © p p o o o o o O © ©
o o o o © © o © © o © 4©
VO o VO OV H" CN oo m cn n -
CN CN l-H N" oo 4—4 i n cn 00 o r - 4—4
CN i n r-~ oo Ov CN n - i n e'­ oo o OV ©
CN CN CN CN CN cn c n cn en cn n - cn n -
O © O o ‘ o ' O © o o* © o © o
r - Ov c n oo OV CN vo oo n - VO CN n - OO
CN O oo CN t"- OO n - i n CN i n 4-^ r - t -
cn O r - vo r*H o oo VO n - cn 4—1 ©
CN CN •—1 4—1 l-H 4—4 o p p o © ©
O © © © © O © o o o © <© © ’
o o o o o o o o © © ©
o W?v CN oo ■'Cf o vo (N oo n * © VO CN
CN c n cn n - i n VO VO r -
79
Fi
gu
re 
5.3
.1 
Re
ac
tio
n 
pr
of
ile
 
for
 a
m
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C
, 
co
m
pe
tit
iv
e 
ad
so
rp
tio
n 
ex
pe
rim
en
t 
(1)
 (
1:
1 
A
lk
yn
e:
A
lk
en
e 
ra
tio
)
o —_ SZ
o ■'T osz oo7 3 'r7 o o "ro
a>
c
03
7 3
■4-
o
03
o
03 •r f o <u
>>
3
_Q
Csl
03
C
03
o
c
(0
o
o
o
(/>
c
sz
03
CO (/> 3 "3 <J) 03 X3
CNI b CD CD O f— CO
4 ■ 4 X X • +
m
M
M
141
141
r~
O
O
LO
14H
oo
N-
d
oo
co
oo
CN
d
oo
oo
h-
oo
CO
oo
to
.E
CO
0
3
C
O* o
CO
o o 
*  CM
* o o
0
E
ooo
d
(l/sd|oiu) uoj)ej;uaouoo
80
Ta
ble
 
5.3
.2 
Am
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
l%
Pd
/C
 
ca
ta
ly
st,
 c
om
pe
tit
iv
e 
ad
so
rp
tio
n 
ex
pe
rim
en
t 
(2
) 
(2:
1 
Al
ky
ne
 :
Al
ke
ne
 
ra
tio
)
>>'i-*
-4—> \ 0O 0s- JD w13
GO
G-h
X  in 
O  O
&!
<u■P? oO J3 . . 
H O O
V  o  C3
eA CG
<U8 o0 ^31 o O -5 o e 
O 13 3
o 1^  c <u « o 
2 8PQ
<D o 
G JG <L> 3  
3
PQ ^
2 o ~55J}-y ' o3  ^  G 
PQ — 3
3.88
vo 4—1 o ,—1 r - c n r - CN r - vo Os
4—1 vq OO r - oo Ov oo ©
vd vd oo vd cn vo Ov vd Ov OO
OV Ov ov ov Ov Ov OV © 00 oo r -
vo CN o (N VO CN CN cn VO Os
OV CO CN CN cn vo CN ■sf OO vo Os I";o vd © un Ov vo c n OV ^-4 vd CN vd
CN cn cn T^ " vo VO r - OO oo Os Os
CN c n c n •*r
O © © © © ©
o o O © O o o Oo ©©
©
©
©
©
©
©
©
©
© © © © © © ‘
oo Os oo Os Ov
cn c n cn cn cn
o o o o o o o o ©© ©© ©©
©
©
o
©
© © © © ©
Ov VO oo oo © vo oo
c n N- vo u-» VO vo
o o o o o o o o © © © © ©o o p o © © © © ©
© © © © © © © © ©
CN CN oo ©4—4 CN ■n- vo
o o o o o o o o © ©©
©© o© ©©
© <© © ©*
i—^ CN vn CN CN© © © CN Os r^
o o o o o o o © © © © © 4—1© © © © © ©
©‘ © ©’ © © cd
r - vo vo vo n- oo VO VO ■n-
■n- VO vo r- r - OO Os © ©
o o o o o O o © o © © 4—1 4—4© © © o © © © © © ©
© © © o © © © cd © ©
'Oe'­ o vo 00 t o vo cn VO c n cn
t " en ov Ov oo <N oo oo r- 4—4 VO CN vo4-^ un f- oo Ov cn vo © Os © Os Os
4—J '—1 <N <N CN CN CN CN CN CN
© © © <d o © cd © © © c> cd cd
cn Ov OO cn cn oo © CN ■^r vo
cn oo 4-H CN 1—H oo 4-H vo OO CN c—H vo t " -
cn OV c - VO vo 4—1 o oo ■"T cn i—H ©
<N 1-^ '— i 4—J 4—V © © © © © ©
© © o © o © o © © cd © © ‘ cd
f—4 o o o o o © © © © © ©o w CN oo ■vt o VO CN OO © vo CN4W »—14“H <N c n cn -^1- vn s o VO ("•
81
Fi
gu
re 
5.3
.2 
Re
ac
tio
n 
pr
of
ile
 
for
 a
n 
am
bi
en
t 
pr
es
su
re
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C
, 
co
m
pe
tit
iv
e 
ad
so
rp
tio
n 
ex
pe
rim
en
t 
(2)
 (
2:1
 
A
lk
yn
e:
A
lk
en
e 
ra
tio
)
CL
CM
♦ Ift-
« m
tt
M
HH NH
r
O
i
o
F+-I i 
o o
1
o
»  r -  
O
i
o
*
o
ID o ID O LO O ID o
CO CO CN CN T— -c- O o
d d d d d d d d
Oo
oo
CD
ooID
oo
oo
CO
oo
CN
oo
</)
o
3
C
CD
E
( | /s g | olu) u o ! ) e j ) u a o u o o
82
Table 5.3.3. Summary table of competitive adsorption experiments
2-Butyne-l,4- Cw-2-butene- [alkyne]:[alkene] 2-butyne-1,4-diol Cw-2-butene-l,4- Catalyst
diol conc. 1,4-diol conc. ratio use diol formation weight
(mol/1) (mol/1) (mol/l/s/g catalyst) (mol/l/s/g catalyst) (g)
0.233 0.057 4:1 1.887x1 O'05 1.74 lx l O*05 0.2503
0.174 0.057 3:1 1.862xl0-°5 1.543x1 O'05 0.2510
0.233 0.114 2:1 2.092x1 O'05 1.686x1 O'05 0.2508
0.116 0.057 2:1 1.892x1 O'05 1.73 lxlO-05 0.2505
0.233 0.170 1:0.75 1.815x1 O'05 1.723x1 O'05 0.2506
0.174 0.114 1.5:1 1.906x1O'05 1.774x1 O'05 0.2500
0.174 0.114 1.5:1 1.93 lx lC 05 1.101x1 O'05 0.2497
0.233 0.227 1:1 2.082x1O’05 1.290x1O'05 0.2506
0.233 0.227 1:1 1.891X10-05 1.683x1O'05 0.2507
0.174 0.170 1:1 1.884x1 O'05 1.651x1c05 0.2507
0.116 0.114 1:1 1.876x1 O'05 1.721xlO'05 0.2499
0.058 0.057 1:1 2.123x1 O'05 1.717xl0*°5 0.2510
0.058 0.057 1:1 1.893x1 O’05 1.724x1c05 0.2499
0.116 0.170 1:1.5 1.843xl0-°5 1.713xl0-°5 0.2505
0.058 0.114 1:2 1.892x1 O'05 1.727xlC°5 0.2506
0.116 0.227 1:2 1.910xl0*°5 1.647xlC°5 0.2503
0.058 0.170 1:3 1.854x1O'05 1.766xlC°5 0.2501
0.058 0.227 1:4 1.932x1 O'05 1.73 lxlO'05 0.2507
0.058 0.227 1:4 2.081xl0'°5 1.710x1 O'05 0.2510
0.058 0.455 1:8 1.887x1 O'05 1.685x1 O'05 0.2504
0.023 0.227 1:10 2.012x1 O’05 1.717x1 O'05 0.2506
0.023 0.341 1:15 1.912xlC°5 1.751xl0-°5 0.2503
0.233 0 0 1.796x1 O'05 1.692x10"05 0.2506
0.233 0 0 1.792x1 O’05 1.73 lx l O'05 0.2508
0.233 0 0 1.843xl0-°5 1.73 lx l O'05 0.2511
0 0.227 0 0 *1.743x1 O'05 0.2503
0 0.227 0 0 *1.718xl0-°5 0.2506
N.R. = normal reaction with no c/s-2-butene-1,4-diol addition.
* Rate of hydrogenation of c/s-2-butene-1,4-diol.
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5.3.1 Discussion for competitive adsorption experiments
The results from the competitive adsorption study show the relative 
independence of the rate of 2-butyne-l,4-diol concentration with respect to 
cw-2-butene-1,4-diol concentration. This can be illustrated if we consider a 
simple Langmuir-Hinshelwood model [18] as described in Figure 5.3.4 below.
Figure 5.3.1 Simple reaction model for 2-butyne-l,4-diol 
hydrogenation
ki
2-butyne-1,4-diol ----------------- ► Czs-2-butene-1,4-dio 1
k2
▼
Butane-1,4-diol 
(and “side 
products”)
ki=rate of hydrogenation o f 2-butyne-1,4-diol to czs-2-butene- 1,4-diol 
k2 =rate of hydrogenation of cw-2-butene-1,4-diol to butane-1,4-diol and other 
products
k3 =rate of hydrogenation of 2-butyne-1,4-diol to butane-1,4-diol and other 
products
The rate constant that can be discounted from the above model is k3 , there is 
no evidence from the product distributions that 2-butyne-1,4-diol can form 
butane-1,4-diol and the other reaction products directly. Indeed, Figures 5.3.1 
and 5.3.2 in this section, and Figures 5.2.1, 5.2.3, 5.2.4 and 5.2.6 in Section 
5.2 show that when there is there is still 2-butyne-1,4-diol present in the
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reaction vessel then there is very little formation of butane-1,4-diol and the 
“side products”. Essentially the adsorption coefficient for 2-butyne-1,4-diol is 
greater than that for c/s-2-butene-1,4-diol, when there is 2-butyne-1,4-diol 
present in the reaction vessel, the reaction/hydrogenation of cw-2-butene-1,4- 
diol is almost completely retarded.
There seems to be only one major type of active site on the catalyst surface 
and that 2-butyne-1,4-diol is more favourably bound to the site than cis-2- 
butene-1,4-diol. This demonstrated by the data detailed on the summary table 
(Table 5.3.3), the rate of 2-butyne-1,4-diol use does not (significantly) change 
with increasing or decreasing concentrations of cw-butene-1,4-diol. I f  there 
was true competitive adsorption {i.e. almost identical heats o f adsorption for 
both o f the alkynes), which would lead to competition between 2-butyne-1,4- 
diol and cw-2-butene-1,4-diol for the active sites on the catalyst surface, then 
an increase in the concentration of czs-2-butene-1,4-diol should illicit a 
decrease in the rate of 2-butyne-1,4-diol hydrogenation. A single site model, 
that is active for hydrogenation is illustrated by the experiments that were 
conducted using m-2-butene-1,4-diol (detailed in Section 5.2). As with the 
ambient pressure reactions that employ the 1% Pd/C catalyst but do not have 
additions of cw-2-butene-1,4-diol, the rate of hydrogenation o f cw-2-butene-
1.4-diol is very slow when there is still 2-butyne-1,4-diol present in the 
reaction vessel that is available for hydrogenation. With the competitive- 
adsorption experiments the rate of cw-2-butene-1,4-diol hydrogenation is 
slower. Cw-2-butene-1,4-diol does not start to react noticeably until all the 2- 
butyne-1,4-diol has been hydrogenated (this can also be observed in the 
sudden drop in selectivity to c/s-2-butene-1,4-diol observed in the reactions in 
this study when the 2-butyne-1,4-diol has been hydrogenated).
The experiments in Section 5.2 and this section both show that when there is 
still 2-butyne-1,4-diol available to be hydrogenated to the principal product, 
i.e. c/s-2-butene-1,4-diol, then the rate of czs-2-butene-1,4-diol hydrogenation 
is very slow (almost negligible). If  all the 2-butyne-1,4-diol has been 
hydrogenated (or as in the case o f the reaction in section there is no 2-butyne-
1.4-diol in the reaction solution at the beginning o f the reaction), then cis-2-
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butene-1,4-diol will be hydrogenated at a similar (but slower) rate to that 
which is observed for butyne-1,4-diol, around 1.75 xlO'5 as opposed to 1.95 
xlO'5 moles/l/s.
If  the rate of cw-2-butene-1,4-diol formation was significantly slower than the 
rate at which the 2-butyne-1,4-diol is hydrogenated, then you might suggest 
that the rate o f cw-2-butene-1,4-diol formation observed was not the true rate 
o f cw-2-butene-1,4-diol formation, but the rate of ds-2-butene-l ,4-diol 
formation minus the rate at which it was be hydrogenated, because cis-2- 
butene-1,4-diol could be being hydrogenated. Under these circumstances it is 
possible that there would be a number o f active surface sites that were 
responsible for the hydrogenation, i.e. site(s) for 2-butyne-1,4-diol 
hydrogenation and site(s) for cw-2-butene-1,4-diol hydrogenation. There 
could also be significant competitive hydrogenation between the 2-butyne-
1.4-diol and the dy-2-butene- 1,4-diol. The reactions clearly show that this is 
not the case, they show that there is only one major surface active site 
involved in the hydrogenation when there is 2-butyne-1,4-diol present, when 
all the 2-butyne-1,4-diol has been hydrogenated then the ds-2-butene- 1,4-diol 
starts to get hydrogenated. The 2-butyne-1,4-diol is more strongly adsorbed to 
the catalyst surface than the cw-2-butene-1,4-diol as detailed in the literature 
[19, 20], when there is 2-butyne-1,4-diol in the reaction mixture then the 2- 
butyne-1,4-diol in preferentially hydrogenated before the cw-2-butene- 1,4- 
diol, this also agrees with the literature [9, 19, 20, 21, 22, 23, 24], where when 
2-butyne-1,4-diol was present in the reaction vessel, there was little or no 
hydrogenation of cis-2-butene-1,4-diol.
If the reactions in this section are allowed to continue until all the 2-butyne-
1.4-diol is hydrogenated then the cw-2-butene-1,4-diol is hydrogenated and
reacted, to produce similar final product distributions to the one in section 5.2.
The reactions in this section and Section 5.2 show that c/s-2-butene-1,4-diol is
a crucial step in the formation o f the other products, there is only minor
formation of the other reaction products if there is 2-butyne-1,4-diol still
present in the reaction vessel. There are no mass balance issues with the
reactions in this section that were observed in Section 5.2, because none o f the
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reactions have been detailed up to the 200% conversion point. From the 
reactions in Section 5.2 it can be seen that the problems with the mass balance 
profile occur when all the 2-butyne-1,4-diol has be consumed, and cis-2- 
butene-1,4-diol is able to react to form the other “side products” and butene 
and butane that are the source of the mass balance issues. Since neither Figure 
5.3.1 or 5.3.2 was allowed to continue until the cw-2-butene-1,4-diol had been 
substantially hydrogenated, there are no mass balance issues with the 
reactions detailed in this section.
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5.4 REACTION ORDERS OF 2-BUTYNE-l,4-DIOL, CIS-l- 
BUTENE-1,4-DIOL AND CATALYST MASS
This section outlines reactions that were conducted at ambient pressure to 
determine the orders of reaction of 2-butyne-1,4-diol, cw-2-butene-1,4-diol 
and catalyst mass. The orders o f reaction for these three reaction parameters 
can be determined by varying their respective amounts in a controlled manner.
The selective hydrogenation o f 2-butyne-1,4-diol has been studied with a 
number o f catalysts. There are few published literature studies that investigate 
the reaction orders o f 2-butyne-1,4-diol and the catalyst mass (see Chapter 1). 
There are no available literature studies that investigate the effect on the rate 
of hydrogenation o f 2-butyne-1,4-diol to cw-2-butyne-1,4-diol, with cis-2- 
butene-1,4-diol present at various concentrations when a carbon supported 
palladium catalyst is used. Only Chaudhari et al [21] has published data on 
how the concentration o f cw-2-butene-1,4-diol effects the rate of 2-butyne-
1,4-diol hydrogenation when a Pd-Zn/CaC0 3  catalyst is used. It was found 
that the having butene- 1,4-diol present in the reaction vessel on hydrogenation 
of 2-butyne-1,4-diol did not effect the rate o f 2-butyne-1,4-diol hydrogenation 
[21].
The reaction order with respect to hydrogen has been reported with different 
values. Chaudhari et al reported the reaction order to be ~0.5 with respect to 
hydrogen concentration [21]. Later work by Chaudhari et al [22] and Telkar et 
al [20] reported the initial rate of hydrogenation of 2-butyne-1,4-diol to have a 
linear dependence on catalyst loading and hydrogen pressure. Chaudhari et al 
[21] reported that the rate of hydrogenation of 2-butyne-1,4-diol varied 
linearly with the catalyst concentration, this is consistent with the absence of 
gas-liquid mass transfer. A similar statement was made by Telkar et al [20]. 
Chaudhari et al found that the initial 2-butyne-1,4-diol concentration had an 
adverse effect on the rate o f hydrogenation at concentrations greater than 5% 
of 2-butyne-1,4-diol, but that at lower concentration the rate shows a zero 
order dependence on 2-butyne-1,4-diol concentration [21, 22].
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From the literature evidence it is assumed that the reaction is first order with 
respect to hydrogen [20, 22]. The order of reaction experiments that are 
detailed in this section were all carried out using the 1% Pd/C catalyst in the 
ambient pressure reaction vessel. The reduction and reaction procedure in the 
same as those in Section 3.5 for an ambient pressure reaction, with the catalyst 
mass, and reagent concentration being varied as required.
Table 5.4.1 and Figure 5.4.1 detail the rate of cw-2-butene-1,4-diol formation 
against mass of catalyst. Table 5.4.1 also shows the number of palladium 
atoms that are equivalent to these catalyst masses, and the ratios of 2-butyne-
1,4-diol molecules to surface palladium atoms for these experiments. From the 
results it can be seen that there is a linear dependence between reaction rate 
and the mass of catalyst that is used in the reaction. Bond illustrated that, a 
non-linear dependence of the reaction rate on catalyst mass, at a given stirring 
speed of agitation, indicates that the experimental system is limited by 
diffusion [25a]. Figure 5.4.1 shows the linearity o f the relationship between 
the catalyst mass and the observed reaction rate, and therefore indicates that 
the reaction testing conducted over this range of catalyst mass is not diffusion 
limited. This means that measured rates are dictated by the rate o f the reaction 
on the catalyst surface and, not the by the rate of reactants and products 
through the reaction medium [25b].
Table 5.4.2 and Figure 5.4.2 detail the rates of formation cz's-2-butene- 1,4-diol 
at different concentrations of 2-butyne-1,4-diol. The individual experiments 
showed a linear consumption of 2-butyne-1,4-diol, that lead to the 
corresponding formation o f c/s-2-butene- 1,4-diol. Table 5.4.2 and Figure 5.4.2 
show that the rate of hydrogenation o f 2-butyne-1,4-diol remains effectively 
constant over the concentration rage of 0.0582 to 1.1630M.
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The reaction order with respect to the concentration of one particular 
substance can be defined mathematically by Equation 5.4.1 [26].
Equation 5.4.1 
Order with respect to regent X=  ^ ° £ 10 rate 
8 log io \_X]
With this equation the reaction rate is evaluated under conditions such that the 
reaction variable are held constant [26]. This basically means that the gradient 
o f the plot of log rate versus the log of a concentration of a particular species 
equals the reaction order.
Using Equation 5.4.1, the data detailed in Table 5.4.2 was processed; the 
results are given on Table 5.4.3 and Figure 5.4.3. These results show a near­
zero reaction order rate in 2-butyne-1,4-diol, the gradient of the line being 
-0.0095. If we consider the experimental error, and the pattern shown during 
the individual experiments, the order with respect to 2-butyne-1,4-diol 
concentration can be said to be effectively zero. This is in agreement with the 
literature [20, 21, 22] at low concentrations o f 2-butyne-1,4-diol.
The effect of czs-2-butene- 1,4-diol upon the reaction rate was studied up to a 
concentration of 1.1364M, this gave a maximum ratio of 5:1 between cis-2- 
butene-1,4-diol and 2-butyne-1,4-diol. This is not a large concentration 
difference, but if the rates of reaction are taken in conjunction with the data in 
Table 5.3.3.1 it can be seen that the rate of hydrogenation of 2-butyne-1,4-diol 
and the rate of formation of cz's-2-butene-1,4-diol are not significantly 
different up to ratios of 15:1 cw-2-butene-1,4-diol to 2-butyne-1,4-diol. The 
results are shown in Table 5.4.4 and Figure 5.4.4. This data was then 
processed to Equation 5.4.1, with the results being detailed in Table 5.4.5 and 
Figure 5.4.5.
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These results show, as with the results for 2-butyne-1,4-diol, a near-zero 
reaction order rate in c/s-2-butene-1,4-diol, the gradient of the line being 
-0.0047. If we consider the experimental error, the order with respect to cis-2- 
butene-1,4-diol concentration can be said to be effectively zero. There is no 
apparent adverse effect on the rate o f hydrogenation of 2-butyne-1,4-diol 
when there is czs-2-butene- 1,4-diol present in the reaction vessel. This is in 
agreement with Chaudhari et al findings for the effect on rate of 
hydrogenation of 2-butyne-1,4-diol with c/s-2-butene- 1,4-diol present in the 
reaction vessel [21].
In summary of the results discussed in this section, the hydrogenation of 2- 
butyne-1,4-diol over palladium catalysts was found to be zero order with 
respect to 2-butyne-1,4-diol concentration. The order in cw-2-butene-1,4-diol 
is found to be zero order also. There does not seem to be any retarding effect 
on the rate of hydrogenation of 2-butyne-1,4-diol by the presence of cis-2- 
butene-1,4-diol in the reaction vessel. Finally the reaction rates were found to 
increase linearly with the mass o f catalyst, and the system was found to 
operate under kinetic control, i.e. not limited by diffusion [20], with no 
boundary layer associated problems [27, 28], if  there were hydrogen pressure 
could decreases across the gas film due to film-diffusional resistance, 
hydrogen pressure could drop through the liquid film surrounding each Ffe 
bubble and again through the liquid film surrounding each catalyst particle (at 
the gas-liquid interface a concentration is established in accordance with 
Henry’s law [29], h^ydrogen, g=Chydrogen#> w^ere C is concentration and H  is the 
Henry’s law constant (kPa m3 kmol'1)). This indicates validity o f the ambient 
pressure reaction vessel as a means of evaluating different catalyst.
Therefore the rate equation for selective hydrogenation of 2-butyne-1,4-diol 
can be summed up by Equation 5.4.2:
Equation 5.4.2
Rate= k[butynediol]°[H2]1 [catalyst]1
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Table 5.4.1 Rate of c/T-2-butene- 1,4-diol formation vs. mass of 
catalyst at 338K
Mass o f 
catalyst
(8)
No. o f surface 
metal atoms 
(xlO 18)
Butyne:Pd° surt-. Rate o f 675-2-butene- 1,4- 
diol formation (moles x 
10'7l/s/g catalyst)
0 0 - 0
0.0025 0.014 828508.8 0.0173
0.0050 0.027 414254.4 0.0336
0.1000 0.541 20712.72 0.6712
0.1500 0.812 13808.48 0.9468
0.1500 0.812 13808.48 1.0068
0.2000 1.080 10356.36 1.2824
0.2000 1.080 10356.36 1.2224
0.2000 1.080 10356.36 1.3424
0.2500 1.350 8285.088 1.6920
0.2500 1.350 8285.088 1.7310
0.2500 1.350 8285.088 1.7320
0.3500 1.890 5917.92 2.1039
0.4000 2.160 5178.18 2.7244
0.4000 2.160 5178.18 2.5644
0.5000 2.710 4142.544 3.3000
0.5000 2.710 4142.544 3.3560
0.5000 2.710 4142.544 3.4560
Figure 5.4.1 Rate of cfv-2-butene-1,4-diol formation vs. mass of 
catalyst at 338K
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Table 5.4.2 Rate of c/s-2-butene- 1,4-diol formation vs. initial 2- 
butyne-1,4-diol concentration at 338K over 0.2500g 1% Pd/C 
catalyst
Initial 2-butyne-1,4- 
diol concentration 
(moles/1)
Rate o f c/5,-2-butene-1,4-diol 
formation (moles x 10°/l/s/g 
catalyst)
0.0582 1.6921
0.1163 1.7211
0.2326 1.7231
0.2326 1.6711
0.2326 1.5512
0.3488 1.7110
0.4651 1.7312
1.1630 1.6512
Figure 5.4.2 Rate of c/s-2-butene- 1,4-diol formation vs. initial 2- 
butyne- 1,4-diol concentration at 338K over 0.2500g 1% Pd/C 
catalyst
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Table 5.4.3 Log (reaction rate) vs. log (2-butyne-1,4-diol
concentration)
Log (2-butyne-1,4- 
diol concentration)
Log (reaction rate)
-1.2355 0.2284
-0.9344 0.2358
-0.6334 0.2363
-0.6334 0.2230
-0.6334 0.1907
-0.4574 0.2333
-0.3325 0.2383
0.0656 0.2178
Figure 5.4.3 Log (reaction rate) vs. log (2-butyne-1,4-diol 
concentration)
y = -0.0047X + 0.2226
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Table 5.4.4 Rate of 2-butyne-1,4-diol consumption vs. initial cis-2- 
butene-1,4-diol concentration at 338K over 0.2500g 1% Pd/C 
catalyst
Initial c/s-2-butene- 
1,4-diol concentration 
(moles/1)
Rate o f 2-butyne-1,4-diol 
consumption (moles x 10'5/l/s/g 
catalyst)
0.0568 1.9612
0.1136 1.8125
0.2273 2.1245
0.2273 1.9423
0.2273 1.8812
0.3409 1.9214
0.4545 1.8321
1.1364 1.8821
Figure 5.4.4 Rate of 2-butyne-1,4-diol consumption vs. initial cis- 
2-butene-1,4-diol concentration at 338K over 0.2500g 1% Pd/C 
catalyst
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Table 5.4.5 Log (reaction rate) vs. log (c/s-2-butene- 1,4-diol
concentration)
Log (c/\s-2-butene- 
1,4-diol 
concentration)
Log (reaction rate)
-1.2455 0.2925
-0.9445 0.2583
-0.6435 0.3273
-0.6435 0.2883
-0.6435 0.2744
-0.4674 0.2836
-0.3424 0.2629
0.0555 0.2746
Figure 5.5.3 Log (reaction rate) vs. log (c/s-2-butene- 1,4-diol 
concentration)
y = -0.0095x +0.277 
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5.5 DETERMINATION OF ACTIVATION ENERGIES
This section outlines reactions that were conducted at ambient pressure to 
investigate the activation energies for the 1% Pd/C and the 1% PCI/AI2 O3 
(nitrate precursor) catalysts for the selective hydrogenation of 2-butyne-1,4- 
diol. The purpose o f a catalyst is to reduce the activation energy o f a reaction, 
Ea, when compared to that that would be expected for an equivalent 
uncatalysed process.
The selective hydrogenation o f 2-butyne-1,4-diol has been studied with a 
number o f catalysts. There are few published literature studies that investigate 
the activation energy for the hydrogenation of 2-butyne-1,4-diol. Fukuda and 
Kusama determined the activation energy for hydrogenation of 2-butyne-1,4- 
diol to be 21.71 kJ/mole when employing a Pd/CaCC>3 catalyst [24] in a glass 
reaction vessle. Later work by Chaudhari et al employing a Pd-Zn/CaCC>3 [21] 
and a Pd/C catalyst [22] found the activation energy for the hydrogenation of
2-butyne-1,4-diol to be 39.30 kJ/mole and 34.40 kJ/mole respectively. Both 
studies were carried out in a batch autoclave reactor. Telkar et al found the 
activation energy to 39.42 kJ/mole, employing a Pd/CaCC>3 catalyst [20] in a 
batch autoclave reactor.
To investigate the activation energies for the two catalysts the selective 
hydrogenation of 2-butyne-1,4-diol was conducted between 20 and 65°C. The 
rate increases do not reach a maximum over the studied range o f temperature 
for both o f the catalysts. For each reaction k, the rate coefficient was 
calculated using the equation below:-
Equation 5.5.1
ta7 ^ r = kt(At)
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where k is the rate coefficient, Ao and At are the initial concentration o f the 
reaction reagent and the concentration of the reaction reagent at time t, and t is 
time. By plotting ln(Ao/At) vs. t, the slope o f the resulting straight line will be 
k.
When the rate constant k is known, an Arrhenius plot can be constructed and 
Ea determined using the equation: -
Equation 5.5.2 
k = A e 'Ea/RT
where k is the rate constant, A is the pre-exponential factor, Ea is the 
activation energy, R is the gas constant and T is the absolute temperature. By 
plotting In k vs. 1/T, the slope of the resultant is (-Ea/R). Ea can be obtained 
therefore by multiplying by (-R) to obtain Ea. Equations 5.5.1 and 5.5.2 are 
applicable when the overall reaction rate is first order.
Table 5.5.1 details the In (k) and 1/T values for the activation energy reactions 
that were conducted with the 1% Pd/C catalyst, Figure 5.5.1 is the Arrhenius 
plot for the 1% Pd/C catalyst. Table 5.5.2 details the In (k) and 1/T values for 
the activation energy reactions that were conducted with the 1% Pd/AkOa 
catalyst, Figure 5.5.2 is the Arrhenius plot for the 1% PCI/AI2 O3 catalyst.
The activation energy for 2-butyne-1,4-diol hydrogenation employing the 1% 
Pd/C catalyst was found to be 3 7.1 ±1.4 kJ/mole. The activation energy for 2- 
butyne-1,4-diol hydrogenation employing the 1% PCI/AI2 O3 catalyst was found 
to be 38.51 ±1.5 kJ/mole. The two activation energies are close to the values 
detailed in the literature for the more recent work [20, 21, 22]. As with the 
results from Sections 5.3 and 5.4 for the competitive adsorption and order of 
reaction studies respectively, the determined activation energies imply that the 
system is under kinetic control and not diffusion control [25b, 30].
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Table 5.5.1 Ln (k) vs. 1/T for ambient pressure reaction vessel 
employing the 1% Pd/C catalyst
Temperature (K) 1/T Ln (k)
298 0.00336 -12.614
308 0.00325 -12.006
308 0.00325 -11.988
313 0.00319 -11.721
318 0.00314 -11.505
323 0.00310 -11.310
328 0.00305 -11.145
328 0.00305 -11.091
338 0.00296 -10.770
338 0.00296 -10.809
Table 5.5.2 Ln (k) vs. 1/T for ambient pressure reaction vessel 
employing the 1% Pd/Al20 3  catalyst
Temperature (K) 1/T Ln (k)
293 0.00341 -10.570
293 0.00341 -10.569
298 0.00336 -10.343
303 0.00330 -9.688
303 0.00330 -9.679
323 0.00310 -8.932
328 0.00305 -8.712
328 0.00305 -8.733
338 0.00296 -8.448
338 0.00296 -8.421
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Figure 5.5.1 Arrhenius plot for the selective hydrogenation of 2- 
butyne-1,4-diol employing the 1% Pd/C catalyst
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Figure 5.5.2 Arrhenius plot for the selective hydrogenation of 2- 
butyne-1,4-diol employing the 1% Pd/Al20 3 (nitrate precursor) 
catalyst
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5.5.1 SUMMARY FOR SECTIONS 5.3, 5.4 AND 5.5
• Due to the fact 2-butyne-1,4-diol is more strongly adsorbed on the catalyst 
surface than c/s-2-butene-1,4-diol, it is able to prevent any (significant) 
adsorption of czs-2-butene- 1,4-diol, and hence retard any hydrogenation of 
cz.s-2-butene-l ,4-diol while there is still 2-butyne-1,4-diol present in the 
reaction solution.
• Iso-propoxytetrahydrofiiran, butane-1,4-diol, butanol, cis and trans-crotyl 
alcohol and 3-buten-l-ol come form cw-2-butene- 1,4-diol, rather than 
directly from 2-butyne-1,4-diol. When 2-butyne-1,4-diol is present we see 
little production o f these “side products” as in Figures 5.2.1 and 5.2.2.
• The activation energies for the hydrogenation o f 2-butyne-1,4-diol was 
found to be 37.05 ±1.4 kJ/mole and 38.51 ±1.5 kJ/mole for the 1% Pd/C 
and the 1% PCI/AI2 O3 (nitrate precursor) catalysts respectively.
• The rate o f 2-butyne-1,4-diol hydrogenation varies linearly with catalyst 
mass, hence the reaction is first order with respect to catalyst mass.
• The initial concentration of 2-butyne-1,4-diol does not have any effect on 
the rate of 2-butyne-1,4-diol hydrogenation, hence the reaction is zero 
order with respect to 2-butyne-1,4-diol concentration.
• The initial concentration o f cz's-2-butene-1,4-diol does not have any effect 
on the rate of 2-butyne-1,4-diol hydrogenation, hence the reaction is zero 
order with respect to m-2-butene-1,4-diol concentration.
• The ambient pressure reaction system is not diffusion limited and operates 
under kinetic control, this indicates the validity o f the ambient pressure 
reaction vessel as a means o f evaluating different catalysts.
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5.6 CONTINUOUS ADDITION REACTIONS
This section summarises a number o f reactions that were conducted using the 
continuous addition outlined in Section 3.6. The main focus of the discussion 
up to this point has concerned the selective hydrogenation of 2-butyne-1,4- 
diol to czs-2-butene-1,4-diol, using a single addition o f 2-butyne-1,4-diol 
dissolved in propan-2-ol at the start o f the reaction employing either the 
ambient or elevated pressure reaction vessels. With a vessel modified to allow 
for the continuous addition of reaction reagent throughout the experimental 
run. The reaction profile, concentrations of the products, and the selectivity to 
the formation o f the observed reaction products may all be effected. The 
modified reaction vessel that was employed for the experiments that were 
conducted for this section allowed for a constant flow o f a known 
concentration o f 2-butyne-1,4-diol to be introduced into the reaction vessel 
over the course o f the experimental runs. With the constant replenishment of 
the 2-butyne 1-4-diol during the course of the experiments, the concentration 
of 2-butyne-1,4-diol was kept in excess o f the c/s-2-butene-1,4-diol 
concentration for a considerable amount o f reaction time. Even when the 2- 
butyne-1,4-diol is not in excess the of the cw-2-butene-1,4-diol, there is 
enough 2-butyne-1,4-diol present in the reaction vessel to severely retard the 
formation of the other “side products”.
The purpose of the section is not to examine continuous stirred tank reactor 
type regime [31] but to investigate a set o f reaction parameters where the 2- 
butyne-1,4-diol concentration is tried to be maintained at its initial 
concentration throughout the course of the reaction. With an overflow and 
recycling line the reactor that was used for the experiments detailed in this 
section could be modified to operate in a continuous stirred tank reactor type 
manner. This maybe considered future work, and as such is not discussed in 
this section.
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Table 5.6.1 details a summary o f the reaction data, and Figure 5.6.1 shows a 
reaction profile for ambient pressure reactions employing the 1% Pd/C 
catalyst with 2-butyne-1,4-diol and the reaction vessel modified to accept 
continuous addition of a reaction reagent solution. The experimental 
procedure for Figure 5.6.1 was the same as that detailed in Section 3.7 for an 
ambient pressure reaction that employed a programmed reduction o f the 
catalyst with the modified ambient reaction vessel. The selectivity throughout 
the reaction was reduced to around 80%, instead of around 95% as see in 
Figure 5.2.1. There was also the suppression of “side products”. This was due 
to the presence o f 2-butyne-1,4-diol in the reaction vessel that inhibited the 
formation of the “side products” from cw-2-butene- 1,4-diol.
103
Ta
ble
 
5.6
.1 
Co
nt
in
uo
us
 
ad
di
tio
n 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st
+->
.si
ts ^
"53c/3
<d> w
§u
— tx
<L>
g
Js o
<+H
X c« O 4>
* 1
O ft
h o o . P ^  73 £
S ' -  ^2  o  <g 
a  x ;  “
i 8 S  
O I S  3
O 7/5e a>
■i
S S
o o w 
5  ’-3 22 -2 ■ o 
£  ^  S m — £
t"-m
r~-in oooo mONooo oo r-oo oin ON«n
<Noo On
NO
O r-rn
in
rn om 00
(Nr~
oo i"~ ONr-~ oo
oONor-
ONin
oo OnrnNO
o
r-
<N
r~
inr- c4 <N
oo
NO
in
o <NNO
r- <so Tj-(N
in
in m■^r <N
in
rn
ooNOoorn ooONr-ONONOn
(N K <N
<N
no’
(N
Om rnm
NO
m in
clm o
inr-
in
t-~ Onnioo
on t"- NO mTt
O O O O O O O O
OnO <N — m oo t" in —ONO i <N <N m NONOoo inO O o O o o o o o oO o o o o o o o o o
o’ o o o o o’ o o o o
NOoo ON(N•^r
<Nin NONONOo o o o o oo o o o o p
o o o o o o
O O O O O O O O O O O O
<N ONi—i o
O O O O O O O O O O O O ^ g O O O Oo o
o o
-n- in in oo ON(NOnr- ONoo in On -n-m m in NOr- NONO (Nm <Nm mo o o o o o o o o o o o o o oo o o p p o o o o o o o o o o
o o o o o o o’ o o o o o o o’ o
o o o
o o o o o o o o o o o
o o o o o o
m —(N(N(Nm(NNO(NO NOONo o H
o p o o O o o
o o o o o o o
<N (N r- On(N m Onm ON<N On<Nm m m m in -n- <N m in m m
O o o o o o o r -H r -HO p o o o p p o o o o o
o o o o o o o o o o o o
<L> O w5 C M o
*° I 7? —  J .  o
3  5 5
CNtnrN — CNrN — (NCNmcN^ J-NO- ONrNm in(N — inmNo<Nt"- — mONOo — (NrNt---- 
O o — rNmmm'n-Nooot'~-NOooinr'-ooNO''tf-
O O O O O O O O O O O O f S ( N < N < N ( N
o o o o o o o o o o o o o o o o o
2 O w5 £/£ 22 tt — ° n _r om
— m O n in r - m -^1 NO m <N m ,—1 NO —in O n OO ( N OO in (N 00 r - ■ it OO r - r-- O n
<N <N r - r - r - NO <N ( N oo in in o CN <N O O n
( N <N (N (N (N 1—^ (N ( N — i—i >—i — — i—1 O
O O o ’ o’ O o o’ o O O o o o o o o’ O O
<u
| !  
s  s
o o o
m  no  O n
O O o o O O o o o
(Nin oo o o———(N<NCNm in NO
o o o o o
—  r~- n o  O nm ^  Nt in ir>
104
17
40
 
0.1
14
2 
0.3
25
1 
0.0
17
1 
0.0
21
4 
0.0
03
2 
0 
0.0
07
1 
0.0
09
1 
80
.42
 
82
.1
3
Fi
gu
re 
5.6
.1 
Re
ac
tio
n 
pr
of
ile
 
for
 c
on
tin
uo
us
 a
dd
iti
on
 
re
ac
tio
n 
em
pl
oy
in
g 
the
 
1% 
Pd
/C 
ca
ta
ly
st
TD
t t l
I’Jrm P
M
W
M
mp
r
P
*
*
ooin
ooo
<n
CD-4-»
3
C
CD
E
ooin
r
O
i
o o
i
o O
r ~
O o oin o in o in o in o
CO CO CNl CN t— T— o o
o o o O o o o o
(l/s0 |oiu) uoi;ej;uaouoo
105
5.6.1 Discussion for continuous addition reactions
In the reaction detailed in this section 2-butyne-1,4-diol was delivered linearly 
into the reactor vessel, employing the syringe pump. However, the 2-butyne-
1,4-diol does not remain at a fixed concentration, as was initially intended 
when the continuous addition experiments were first conducted (2-butyne-1,4- 
diol is decreasing in concentration within the vessel). The problem with the 
syringe pump was it was difficult to match the amount of 2-butyne-1,4-diol 
that was introduced into the reaction vessel during the course o f the 
experiment with the activity o f the catalyst. This explains the slope in the 2- 
butyne-,4-diol concentration that is observed in Figure 5.6.1.
The concentration of c/s-2-butene-1,4-diol increased linearly during the 
course of Figure 5.6.1. 2-butyne-1,4-diol and cw-2-butene-1,4-diol crossover 
after approximately 700 minutes. However, as long as the 2-butyne-1,4-diol 
is in excess (or present in the reaction vessel), the ds-2-butene-1,4-diol cannot 
undergo significant reaction on the catalyst surface and, hence, the 
concentration of “side products” is suppressed. Similar observations, for the 
same reasons were made in Section 5.3 for the competitive addition 
experiments.
Unlike the ambient and elevated pressure reactions in Section 5.2 the major 
product in the later stage of the reaction in Figure 5.6.1 was cz's-2-butene-1,4- 
diol rather than iso-propoxytetrahydroftiran. This suggests a change in 
selectivity with respect to the reaction mechanism. For Figure 5.6.1 the 
selectivity levels out at approximately 80% after the initial stage o f the 
continuous addition reaction, this is considerably lower than the 95% 
selectivity to cis-2-butene-1,4-diol formation that was observed in the reaction 
in Section 5.2 (Figure 5.2.1). Unlike in Figure 5.2.1, in Figure 5.6.1 there was 
more cw-crotyl alcohol produced than firam-crotyl alcohol, this may have to 
do with the increased residence time a surface bound intermediate has so that 
cw-crotyl alcohol is formed rather than trans-crotyl alcohol.
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Figure 5.6.2: Comparison of selectivity to c/s-2-butene- 1,4-diol 
formation for a standard ambient pressure reaction and a 
continuous addition reaction
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For the standard ambient pressure reaction (ID6, represented here by the blue 
diamonds) there is a selectivity towards m -2 -bu tene-1,4-diol formation o f 
approximately 95% during the hydrogenation o f 2-butyne-1,4-diol. When cis- 
2-butene-1,4-diol undergoes subsequent hydrogenation, this selectivity then 
drops to zero. For the continuous addition reaction (CF7, represented here by 
the purple squares) there is a constant selectivity towards c/5,-2-butene- 1,4-diol 
o f approximately 80%. This is not as high as that obtained in the standard 
ambient pressure reactor, but the catalyst is working at constant conversion o f 
2-butyne-1,4-diol, and this leads to a constant linear increase o f  c/\s-2-butene-
1,4-diol concentration, c/s-2-butene- 1,4-diol is being produced at a constant 
rate.
Another way to consider the differences between continuous operation o f the 
reactor and a reactor operating under batch mode is to consider Figure 5.6.3 
below. Figure 5.6.3 compares the amount o f  c/s-2-butene- 1,4-diol produced 
throughout the reaction for both the standard ambient and continuous modes 
o f operation.
107
Figure 5.6.3: Comparison of czs-2-butene- 1,4-diol production for a 
standard ambient pressure reaction and a continuous addition 
reaction
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The main advantage that the continuous addition reactor has over the 
unmodified ambient pressure reaction vessel is that c/T-2-butene-1,4-diol is 
produced throughout the whole o f  the reaction in the continuous reaction 
(Figure 5.6.1), but not throughout the whole reaction when the unmodified 
ambient pressure reaction vessel is employed (e.g. Figure 5.2.1). Once all the 
2-butyne-1,4-diol has been hydrogenated in Figure 5.2.1 the czs-2-butene-1,4- 
diol can be hydrogenated. In the continuous reaction however (Figure 5.6.1), 
it is possible to continue the production o f cfs-2-butene-1,4-diol for as long as
2-butyne-1,4-diol is added to the system. It would be feasible to run the 
continuous process on a large scale, providing that all the unwanted by­
products could be successfully separated.
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5.6.2 SUMMARY FOR SECTION 5.6
• It was difficult to match the catalyst activity with the flow of reagent 
solution from the syringe pump.
• More czs-crotyl alcohol was formed than trans-crotyl alcohol in Figure
5.6.1, this is the opposite of what was observed in Figure 5.2.1. The 
selectivity at the catalyst surface has changed.
• There was effectively no mass inbalance observed in Figure 5.6.1.
• Cw-2-butene production with the suppression of “side products”, will 
continue as long as there is 2-butyne-l,4-diol in the reaction vessel.
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5.7 OTHER 1% SUPPORTED PALLADIUM CATALYSTS
This section summarises reactions that were conducted at ambient pressure 
reaction using two 1 % PCI/AI2 O3 catalysts, one derived from PdCh and the 
other derived form Pd(NC>3)2 . The two catalysts were prepared in-house, their 
preparation is detailed in the experimental chapter.
The main focus of this project up to this point has concerned the selective 
hydrogenation of 2-butyne-l,4-diol to c/s-2-butene-1,4-diol using the 1% 
Pd/C catalyst as supplied by ICI Synetix. The other 1% supported palladium 
catalysts were prepared to estimate the sensitivity of the chemistry observed 
with other supported palladium catalysts. The characterisation o f the 
palladium catalysts is discussed in Section 5.1. Tables 5.7.1 and 5.7.2 detail a 
summary o f the reaction data, and Figures 5.7.1 and 5.7.2 show reaction 
profiles for ambient pressure reactions employing the 1 % PCI/AI2 O3 (chloride 
precursor) and 1 % Pd/Al2 0 3  (nitrate precursor) catalysts respectively.
The experimental procedure for these experiments was the same as that 
detailed in Section 3.5 for an ambient pressure reaction with programmed 
reduction of the catalyst. The only difference was the use if the 1% PCI/AI2O3 
(chloride precursor, Figure 5.7.1) and the 1% PCI/AI2O3 (nitrate precursor, 
Figure 5.7.1) catalysts respectively, instead of the 1% Pd/C catalyst. Thus a 
conversion of the 2-butyne-l,4-diol o f 91.06% in 200 minutes, and 95.68% in 
110 minutes was achieved with the 1% PCI/AI2O3 (chloride precursor) and the 
1% PCI/AI2O3 (nitrate precursor) catalysts respectively. The rate o f 2-butyne-
1,4-diol hydrogenation for Figures 5.7.1 and 5.7.2 was 6.68xl0 ‘5 and 
1.30x1 O' 4  moles/l/s/g catalyst respectively. A selectivity in the order o f 90% 
towards the formation o f czs-2-butene-1,4-diol was maintained up to 91.06% 
conversion and 95.68% conversion for the 1% Pd/Al2 C>3 (chloride precursor) 
catalyst and the 1 % Pd/Al2 C>3 (nitrate precursor) catalyst respectively.
As with the ambient pressure reactions that employed the 1% Pd/C catalyst for 
the hydrogenation of 2-butyne-l,4-diol (Section 5.2) there was formation of
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iso-propoxytetrahydrofuran observed during the course of the reaction for 
both o f the experiments detailed in this section. With the 1% PCI/AI2O3 
(chloride precursor) catalyst an additional compound, 2-butyne-l-ol 
(identified by GC-MS and !H NMR analysis) was also formed that had not 
been observed in the previous reactions that used the 1% Pd/C catalyst. With 
the 1% Pd/Al2 0 3  (nitrate precursor) catalyst there was also the formation of an 
additional compound, hydroxy-tetrahydrofuran (identified by GC-MS and !H 
NMR analysis) that had not been observed in the previous reactions that used 
the 1% Pd/C catalyst. Full hydrogenation of 2-butyne-l,4-diol was effectively 
reached in 200 and 110 minutes for the chloride and nitrate precursor catalysts 
respectively. This compares favourably with the time it took to reach full 
hydrogenation of 2-butyne-l,4-diol with the 1% Pd/C catalyst (Figure 5.2.1), 
with it requiring 720 minutes to fully hydrogenate 2-butyne-l,4-diol.
The mass balance at the end of the reaction for both of these experiments was 
95.96 and 94.94% for the 1% Pd/Al2 0 3  (chloride precursor, Figure 5.7.3a)) 
and (nitrate precursor, Figure 5.7.3b)) respectively, the mass balance for both 
of the reactions being effectively complete. By comparison, the mass balance 
for Figure 5.2.1 (Figure 5.7.3 c)) was 70.61%.
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5.7.1 Discussion for other 1% supported palladium catalysts
Table 5.7.3 details summary data for the 1% Pd/C, 1% Pd/AkCb (chloride 
precursor) 1% Pd/AhCb (nitrate precursor) catalysts. The catalysts detailed in 
this section have increased rates of hydrogenation o f 2-butyne-l,4-diol when 
compared to the 1% Pd/C catalyst. The rate of hydrogenation for the 1% 
Pd/AhCh (chloride precursor) 1 % Pd/AhCb (nitrate precursor) catalysts are 
around 3.4 and 6 . 6  times faster respectively. These increased rates can be 
accounted for by the greatly increased dispersion for the catalysts employed in 
this section, leading to surface palladium/g of the catalysts being 9.87 and 
6.08 times greater than that for the 1% Pd/C catalyst for the chloride and 
nitrate derived precursor catalysts. The T.O.F. values for all three catalysts are 
within the same order of magnitude, despite the increased surface palladium 
for the two 1% PCI/AI2 O3 catalysts, therefore increased surface palladium 
available for hydrogenation would be expected to lead to an increase in the 
reaction rate. The increased rate is also reflected in the amounts o f conversion 
at 1 0 0  minutes into the reaction on for the different supported palladium 
catalysts in Table 5.7.3. The 1% PCI/AI2O3 (nitrate precursor) has the greatest 
extent of conversion followed by the 1 % Pd/AhCb (chloride precursor), then 
the 1% Pd/C catalyst.
Table 5.7.3 shows that not only are the final product distributions for the two 
1% PCI/AI2O3 catalysts different from each other, but also different form the 
final product distribution for the selective hydrogenation of 2 -butyne-l,4-diol 
employing the 1% Pd/C catalyst (Figure 5.2.1).When the 1% Pd/C catalyst 
was employed the product that was produced in the highest concentration by 
the end of the reaction was iso-propoxytetrahydrofuran followed by butane-
1,4-diol, butanol and czs-crotyl alcohol. For the 1% PCI/AI2O3 (chloride 
precursor) catalyst the order was iso-propoxytetrahydrofuran followed by 
butanol and 3-buten-l-ol. For the 1% Pd/AkCb (nitrate precursor) catalyst the 
order was iso-propoxytetrahydrofuran followed by butanol, butane-1 ,4-diol 
and c/s-crotyl alcohol.
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The relative concentrations o f the products also varied from catalyst to 
catalyst. When the 1% Pd/C catalyst the final concentration of butanol was in 
the order of 0.0309M (Figure 5.2.1). In the reactions in this section the final 
concentration of butanol was 0.0655M for the chloride derived catalyst and 
0.0092M for the nitrate derived catalyst. The final butane-1,4-diol 
concentration when the 1% Pd/C catalyst was employed was 0.0432M, for 
this reactions in this section the final concentration of butane-1 ,4-diol was 
0.0220M for the chloride derived catalyst and 0.0655M for the nitrate derived 
catalyst. There were also reduced amounts o f cis and trans-crotyl alcohol and
3-buten-l-ol when the final product distributions for the reactions in this 
section are compared with the reactions with Figure 5.2.1. Another important 
difference between the reactions in this section and Figure 5.2.1 was the 
amount of iso-propoxytetrahydrofiiran that was produced. In the reactions in 
this section the final concentration o f iso-propoxytetrahydrofiiran was 
0.1033M for the chloride derived catalyst and 0.1092M for the nitrate derived 
catalyst as opposed to 0.0490M for the equivalent reaction that employs the 
1% Pd/C catalyst (Figure 5.2.1).
Both the catalysts employed in this section have a product that is not observed 
when the 1% Pd/C catalyst was employed with previous reactions, with 
propan-2 -ol as the reaction solvent. 2 -butyne-l-ol was produced when the 1 % 
PCI/AI2 O3 (chloride precursor) catalyst was employed. This can be explained 
by considering a half hydrogenated 2 -butyne-l,4-diol species adsorbed on the 
catalyst loosing a hydroxyl group and gaining a hydrogen atom, and desorbing 
to form 2-butyne-l-ol. The 1% PCI/AI2 O3 (nitrate precursor) catalyst produces 
hydroxy-tetrahydrofiiran during the course o f the reaction, which is 
subsequently (largely) converted to iso-propoxytetrahydrofiiran by the end of 
the reaction. The hydroxy-tetrahydrofiiran forms from an interaction between 
the adsorbed intermediate species 3 that usually directly forms iso- 
propoxyterahydrofuran and the hydroxyl groups on the catalyst support. After 
desorbing from the catalyst the hydroxy-tetrahydrofiiran is free to re-adsorb 
and go onto form iso-propoxytetrahydrofiiran. These aspects of the reaction 
mechanism are discussed in more detail in Chapter 6 .
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If  we consider the mass balance plots for the 1% PCI/AI2 O3 (chloride 
precursor) catalyst, (Figure 5.7.3 a), 1% PCI/AI2 O3 (nitrate precursor) catalyst, 
(Figure 5.7.3 b), and the 1% Pd/C catalyst (Figure 5.7.3 c) we can see that the 
mass balance profile for the catalysts employed in this section differ 
significantly. The mass balance for the 1% Pd/C catalyst collapses after all the
2-butyne-l,4-diol has been hydrogenated (720 minutes). This collapse is not 
due to cw-2 -butene-l,4-diol being converted to the “side products”, but due to 
there being significant amounts of butane and butene being produced from 
reaction intermediates that can account for the mass in-balance (the final mass 
balance was 70.61%). The mass balance for the reactions in this section are 
effectively complete, 95.96 and 94.94% for the 1% PCI/AI2O3 (chloride 
precursor) and 1% Pd/Al2 0 3  (nitrate precursor) respectively. The main 
difference between the catalysts that were employed for this section with the 
1% Pd/C catalyst is the smaller metal particle size and increased dispersion.
The increased dispersion can account for the increased reaction rate 
experienced when employing the 1% PCI/AI2O3 catalysts. The smaller metal 
particles seem to enhance the rate coefficient for the production of the final 
reaction products. Iso-propoxytetrahydrofuran formation for both o f the 
reaction detailed in this section was enhanced when compared to that 
observed when the 1% Pd/C catalyst was employed. The smaller metal 
particles seem to inhibit the formation of butene and butane that leads to a 
mass-imbalance when the 1% Pd/C catalyst was employed (i.e. larger metal 
particles are required for the formation of butene and butane from the reaction 
intermediates). Further discussion about this can be found in Chapter 6 .
The two 1% Pd/Al2 0 3  catalysts detailed in this section show significantly
different overall reaction profiles in terms o f rate of hydrogenation and final
product distribution to the reactions that employ 1% Pd/C catalyst detailed in
Section 5.2. The selectivities towards ds-2-butene-1,4-diol formation for the
catalysts in this section are in the order of 90%, lower than the 95% selectivity
towards ds-2-butene-1,4-diol observed with the 1% Pd/C catalyst (Figure
5.2.1). With slightly different products, whether it is the presence of 2-butyne-
l-ol in the chloride precursor derived catalyst experiment or the formation and
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subsequent conversion of the hydroxy-tetrahydrofiiran to iso- 
propoxytetrahydrofuran in the nitrate precursor derived catalyst experiment.
The catalyst derived form the nitrate precursor has a higher selectivity towards 
iso-propoxytetrahydrofiiran and butane-1 ,4-diol formation than any o f the 
other 1% palladium catalysts. The 1% PCI/AI2 O3 (nitrate precursor) catalyst is 
the catalyst of choice if you wish to produce iso-propoxytetrahydrofuran at 
high yields, with reduced amounts of “side products” and considerably more 
rapidly than with the 1% Pd/C catalyst. Future work could look at changing 
the reaction solvent to see if other substituted ftirans could be produced from 
similar solvent/intermediate interactions.
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5.7.2 SUMMARY FOR SECTION 5.7
• The rate of hydrogenation for the 1% supported palladium/alumina 
catalysts are approximately 3.4 times faster for the 1% Pd/Al2 0 3  (chloride 
precursor) and 6 . 6  times faster for the 1 % PCI/AI2 O3 (nitrate precursor) 
than for the 1% Pd/C catalyst.
• There are different final product distributions for the two 1% Pd/Al2 C>3 
catalysts when compared with the 1% Pd/C catalyst.
• The mass-imbalance observed when the 1% Pd/C catalyst was employed 
(e.g. Figure 5.2.1) is not observed with the two 1% Pd/Al2 C>3 catalysts 
(with their mass-balances being effectively complete). The reaction 
pathway towards the formation of butane and butene are significantly 
retarded when the 1% Pd/Al2 0 3  catalysts are employed.
• Approximately double the amount o f iso-propoxytetrahydrofiiran was 
produced with both the 1% Pd/Al2 0 3  catalysts, than was produced when 
the 1% Pd/C catalyst was employed.
• The mass-balances for all the reactions in this section that employed the 
1% Pd/Al2 C>3 catalysts were more complete than the mass-balances in 
Section 5.2. This suggests that the formation of butane and butene is less 
favourable when a mono-substituted alkyne or alkene is employed as the 
reaction reagent.
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5.8 MONO-SUBSITUTED ALKYNES AND 3-BUTEN-l-OL
This section details a number of reactions that were conducted using mono­
substituted alkynes and 3-buten-l-ol. The main focus of the discussion up to 
this point has concerned the selective hydrogenation of 2-butyne-l,4-diol to 
m-2-butene-1,4-diol. There are however, a number of mono-substituted 
alkynes and alkenes formed in the various reactions that employ the palladium 
catalysts. In order to gain an increased understanding o f how these products 
are formed, and the impact that they have on the overall reaction processes, 
reactions that employ mono-substituted alkynes and 3-buten-l-ol have been 
undertaken. The reactions in this section also set out to examine if  ti is 
possible to form iso-propoxytetrahydrofuran using mono-substituted alkynes 
and 3-buten-l-ol. The reactions up to this point in Sections 5.2, 5.3 and 5.6 
have only employed 2-butyne-l,4-diol and cz's-2-butene-1,4-diol as their 
reaction reagent. It may not be possible to form iso-propoxytetrahydrofiiran 
without the presence o f the diol functionality in the reaction reagent.
The possible interaction between 3-butene-l-ol, cis and trans crotyl alcohol 
can be investigated using a range of mono-substituted alcohols. Experiments 
described up to this point have illustrated the possibility that there can 
isomerisation between the cis and trans forms of crotyl alcohol and 3-buten-l- 
ol (Sections 5.2, 5.3 and 5.6). Mono-substituted alkynes that can be 
hydrogenated to form either the cis or trans-crotyl alcohol, or can be 
hydrogenated to form 3-buten-ol, can give us more information about the 
overall reaction mechanism. The products distributions should detail whether 
or not the proposed isomerisation between cis and trans crotyl alcohol and 3- 
buten-ol is possible, and hence give stronger evidence for an overall reaction 
mechanism proposed later in this thesis, in Chapter 6.
The mono-substituted alkynes and alkene reactions in this section that 
employed the 1% Pd/C catalyst were Figures 5.8.1, 5.8.2, and 5.8.3, their 
reaction reagents were 2-butyne-l-ol, 3-butyne-l-ol, 3-buten-l-ol
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respectively. A reaction profile for an experiment employing the 1% PCI/AI2 O3 
(nitrate precursor) catalyst with 2-butyne-l-ol is detailed in Figure 5.8.4.
Tables 5.8.1, 5.8.2, 5.8.3 detail a summary of the reaction data, and Figures
5.8,1, 5.8.2, 5.8.3 show reaction profiles for ambient pressure reactions 
employing the 1% Pd/C catalyst with 2-butyne-l-ol, 3-butyne-l-ol and 3- 
buten-l-ol respectively. Tables 5.8.4, details a summary of the reaction data, 
and Figures 5.8.4, shows the reaction profile for ambient pressure reaction 
employing the 1 % Pd/AhCb (nitrate precursor) catalyst and 2 -butyne-l-ol 
respectively.
Approximately 80mls of a 0.286M solution of 2-butyne-l-ol in propan-2-ol 
was used in Figures 5.8.1 and 5.8.4. Approximately 80mls of a 0.286M 
solution of 3-butyne-l-ol in propan-2-ol was used in Figure 5.8.2. 
Approximately 80mls of a 0.278M solution of 3-buten-l-ol in propan-2-ol 
was used in Figure 5.8.3. The rest of the experimental procedure for the 
reactions in this section was the same as that detailed in Section 3.5 for an 
ambient pressure reaction employing programmed reduction of the catalyst.
Figure 5.8.1 reached a conversion of 2-butyne-l-ol of 97.71% in 1320
minutes. A selectivity in the order of 40% towards the formation of trans-
crotyl alcohol was maintained up to 97.51% conversion, with trans-crotyl
alcohol being chosen to calculate the selectivity because it was the major
product during the course of the reaction. Figure 5.8.2 reached a conversion of
3-butyne-l-ol of 89.23% in 320 minutes. A selectivity in the order of 95%
towards the formation of 3-buten-l-ol was maintained up to 89.23%
conversion. The change in position of the triple bond between 2-butyne-l-ol
and 3-butyne-ol has significantly increased the rate of hydrogenation. Figure
5.8.3 reached a conversion of the 3-buten-l-ol of 59.57% in 1320 minutes. A
selectivity in the order of 95% towards the formation of butanol was
maintained up to 89.23% conversion. There is a selectivity in the order of
45% towards the formation of butanol initially, that is not maintained during
the course of the reaction. The selectivity to butanol formation increases to
around 70% at the end stages of the reaction. This increase is probably due to
124
the cis and trans-crotyl alcohol that has been formed during the course of the 
reaction being converted into butanol, and not enhanced selectivity to the 
formation of butanol from the 3-buten-l-ol.
Figure 5.8.4 reached a conversion of the 2-butyne-l-ol of 98.76% in 70 
minutes. A selectivity in the order of 90% towards the formation of trans- 
crotyl alcohol was maintained up to 88.77% conversion. This compares 
favourably in terms of reaction rate and selectivity towards the formation 
trans-cioiy\ alcohol to Figure 5.8.1. The initial rate of hydrogenation for 
Figures 5.8.1, 5.8.2, 5.8.3 and 5.8.4 was 1.27xl0'5, 5.32xl0'5, 7.93X10"6  and 
2.11x10^ moles/l/s/g catalyst. The final mass balance for Figures 5.8.1, 5.8.2,
5.8.3 and 5.8.4 were 77.85, 80.87, 78.88 and 99.09% respectively. Figure 
5.8.5 a), b), c) and d) are the mass-balance for Figures 5.8.1, 5.8.2, 5.8.3 and
5.8.4 respectively.
There was no formation of iso-propoxytetrahydrofuran observed during the 
course of any of the reactions detailed in this section as has been observed 
when using 2-butyne-l,4-diol in Section 5.2. There is however, (minor) 
formation of l-(2 -propanyloxy)-butan-l-ol that has been observed in the 
elevated pressure reactions that are detailed in Section 5.2 Figures 5.2.4, 5.2.5 
and 5.2.6, but never up to this point in ambient pressure reactions. From the 
results in this section it is clear that a diol functionality present in the starting 
reagent is required to for the formation of iso-propoxytetrahydrofuran, without 
the diol functionality present in the starting reagent there can be no formation 
of iso-propoxytetrahydrofiiran.
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5.8.1 Discussion for mono-substituted alkynes and 3-buten-l-ol
All the mono-substituted alkynes and alkene experiments detailed in this 
section underline the fact that a diol species is required at the start of the 
reaction in order to produce iso-propoxytetrahydrofiiran. The product that is 
produced in the place of iso-propoxytetrahydrofiiran is l-(2 -propanyloxy)- 
butan-l-ol in the reactions in this Section. If we consider the elevated 
pressure reactions in Section 5.2 (Figures 5.2.4, 5.2.5 and 5.2.6) in concert 
with the reactions in this Section, the production of l-(2-propanyloxy)-butan-
l-ol seems likely to occur by the same (or similar) mechanism in the reactions 
in both Sections. In the elevated pressure reactions in Section 5.2, the elevated 
pressure leads to the formation of l-(2 -propanyloxy)-butan-l-ol, in the 
reactions in this section it is due to the reaction reagent not having a diol 
functionality.
The formation of iso-propoxytetrahydrofuran must occur through a solvent 
interaction with an adsorbed species on the catalyst active sites (Figures 5.2.7, 
5.2.8, 5.2.9 and 5.2.10 show that there is no reaction when there is no catalyst 
present). The only source of the iso-propoxy group is the reaction solvent, 
there is no evidence of any C-3 alcohols other than propan-2-ol during the 
course of the reaction. This means that a C-4 species adsorbed on the catalyst 
active sites must undergo a reaction with the adsorbed iso-propoxy group 
derived from the reaction solvent. A similar process of solvent interaction 
with adsorbed reaction intermediate is likely to be responsible for the 
formation of l-(2 -propanyloxy)-butan-l-ol.
If all the reactions detailed in this section are allowed to continue until there is 
no further reaction then butanol will be the major product at 2 0 0 % conversion, 
(only Figures 5.8.2 and 5.8.4 were continued until no further reaction 
occurred). When the reaction reagent was 2-butyne-l-ol as in Figures 5.8.1 
and 5.8.4 the major product produced up to 100% conversion of 2-butyne-l-ol 
was trans-crotyl alcohol. In Figure 5.8.2 when 3-butyne-l-ol was employed as 
the reaction solvent the main product up to 100% conversion was 3-buten-l-
136
ol. In Figure 5.8.3 when 3-buten-l-ol was employed as the reaction solvent 
the main product up to 66.28% conversion was butanol.
In all the reactions in this section there was cis and trans-oxotyX alcohol and 3- 
buten-l-ol produced during the reaction profile. This shows that there is 
isomerisation and double bond shifts on the catalyst surface during the course 
of the reaction. Figure 5.8.3 best illustrates this point. Without a double bond 
and isomerisation (bond rotation) there could be no formation of cis and trans- 
crotyl alcohol. If there is isomerisation between cis and trans-crotyl alcohol 
and 3-buten-ol, then this is very likely to occur through a common 
intermediate or intermediates. When cis or trans-crotyl alcohol and 3-buten-ol 
are produced in the reaction they can desorb form the catalyst surface, they are 
also able to re-adsorb to isomerise and/or go onto form butanol. This is 
consistent with the experimental observations made in Section 5.2, 5.3 and 5.6 
where we see varying concentrations of cis or trans-crotyX alcohol and 3- 
buten-ol throughout the reaction profiles (Chapter 6  has a more detailed 
discussion about the isomerisation involved in the reaction mechanism).
If we look at Table 5.8.5 we can see a distinct difference in the reaction rates 
for Figure 5.8.1 and 5.8.2, 1.27xl0‘5 and 5.32x1 O' 5 moles/l/s/g catalyst 
respectively. Figures 5.8.1 and 5.8.2 used the same reaction protocol. The 
change in the position of the triple bond to the “3” position instead of the “2” 
position in the backbone of the starting reagent has led to the hydrogenation 
rate being approximately 4 times quicker (this is also reflected by the 
difference in the T.O.Fs). The rate of hydrogenation of 3-buten-l-ol in Figure
5.8.3 is 7.93x10"6  moles/l/s/g catalyst this rate is approximately 7 times slower 
than that in Figure 5.8.2 when 3-butyne-l-ol was employed.
The rate of hydrogenation when the 1% PCI/AI2 O3 (nitrate precursor) catalyst
(Figure 5.8.4) was employed to hydrogenate 2-butyne-l-ol increased in
comparison to Figure 5.8.1 when the 1% Pd/C catalyst was employed. This
rate increase from 1.27xl0'5 in Figure 5.8.1 to 2.11xl0 ' 4  moles/l/s/g catalyst in
Figure 5.8.4 can be mostly attributed to the increase in dispersion, and hence
an increased number of active sites on the catalyst surface. Comparing the
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T.O.F. values for Figures 5.8.1 and 5.8.4 we can see that it may also have 
something to do with the average metal particle size of the palladium on the 
1% PCI/AI2 O3 (nitrate precursor) catalyst, with the smaller palladium particles 
being partially responsible for an increased hydrogenation rate in Figure 5.8.4. 
The average metal particle size for the 1% Pd/C catalyst is 11.41nm, for the 
1 % Pd/AbOs catalyst the average metal particle size is 1.15nm.
Another way to illustrate the differences in the rate of reaction is to compare 
the % conversion at 1 0 0  minutes in the reaction for the four reactions in this 
section on Table 5.8.5. Figure 5.8.1, 5.8.2 and 5.8.3 have 12.18, 19.83 and 
7.40% conversion of the starting reagent at 100 minutes. Figure 5.8.4 has 
99.59% conversion at 100 minutes into the reaction, full conversion of 2- 
butyne-l-ol was effectively reached in closer to 70 minutes.
Figure 5.8.5 a), b), c) and d) detail the mass-balance profiles for Figures 5.8.1,
5.8.2, 5.8.3 and 5.8.4 respectively. The final mass-balances for Figures 5.8.1,
5.8.2, 5.8.3 and 5.8.4 were 77.85, 80.87, 78.88 and 99.09% respectively. 
Figure 5.8.5 a), b), c) and d) are the mass-balances for Figures 5.8.1, 5.8.2,
5.8.3 and 5.8.4 respectively. If we compare the mass balance for Figures 5.8.1, 
5.8.2 and 5.8.3 with that of Figure 5.2.1 from Section 5.2 (70.61%), we can 
see that the mass-balance for reactions in this section that employed the 1 % 
Pd/C catalyst are more complete. Having the starting reagent as a mono­
substituted alkyne or alkene seems to slightly impair the ability o f the surface 
bound reaction intermediates to form butane and butene when the 1% Pd/C 
catalyst is employed. The mass-balance for Figure 5.8.4 is effectively 
complete at 99.09%, this is in agreement with the mass-balance in Figure
5.7.2, Having a smaller average size of metal particles seems to inhibit the 
formation of butane and butene.
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5.8.2 SUMMARY FOR SECTION 5.8
• None of the experiments in this section produced any iso- 
propoxytetrahydrofiiran. The diol functionality in the reaction reagent is 
required to produce iso-propoxytetrahydrofiiran.
• l-(2 -propanyloxy)-butan-l-ol was produced instead of iso- 
propoxytetrahydrofiiran but in relatively small quantities.
• The position of the triple bond in the reaction reagent can have a 
pronounced effect on the rate of hydrogenation and T.O.F.
• All the experiments in this section had cis and trans-crotyl alcohol and 3- 
buten-l-ol in their reaction profiles, this was due to isomerisation of 
adsorbed species on the catalyst surface.
• The mass-balances for all the reactions in this section that employed the 
1% Pd/C catalyst were more complete than the mass-balances in Section
5.2. This suggests that the formation of butane and butene is less 
favourable when a mono-substituted alkyne or alkene is employed as the 
reaction reagent.
• As in Section 5.7, when the 1% PCI/AI2 O3 (nitrate precursor) catalyst was 
employed for hydrogenation, it had an effectively complete mass-balance.
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5.9 HYDROGENATION OF 2-BUTYNE-l,4-DIOL 
EMPLOYING THE 9.1% Cu/Si02 CATALYST
A wide variety of high added value and low volume processes, as well as 
large scale processes such as the water gas shift reaction and methanol 
synthesis employ copper-based catalysts [32, 33, 34]. In situations where high 
selectivities are of primary importance, copper catalysts have become the 
catalyst of choice for certain hydrogenation reactions, such as the 
hydrogenation of unsaturated carbonyl compounds [35, 36]. One of the 
disadvantages with copper catalysts is the tendency of metal particles to 
agglomerate, this can result in a decrease in the catalytic activity due to a 
decrease in the available metal surface area. At approximately one third of 
copper’s melting point (179°C) in Kelvin, the Hiittig temperature denotes the 
start on significant surface mobility [1 ].
Recent work in our laboratories has concentrated on nitrobenzene 
hydrogenation to aniline using supported copper catalysts [1]. That work used 
a series of silica supported copper catalysts and showed that while the rate of 
reaction was modest by comparison to other metal catalysts, the selectivity 
was superior. A major milestone in that work was the development of a 
protocol to activate catalysts so that they could successfully operated in liquid 
phase hydrogenations. It was decided to evaluate one of these Cu/Si0 2  
catalysts for the selective hydrogenation of 2-butyne-l,4-diol.
It is hoped that using a supported copper catalyst will enable the 
hydrogenation of 2-butyne-l,4-diol to be carried out more selectively to 2- 
butene-l,4-diol during the first stage of the reaction, with fewer “side 
products” observed in the final product distributions. The reaction rate for the 
reactions in this section are expected to be slower than those in reactions that 
employ one of the supported palladium catalysts, but with the possibility of 
fewer “side products”. There is also the distinct possibility that iso- 
propoxytetrahydrofiiran will not be produced during the course of the 
reaction. A different solvent interaction with an adsorbed species on the
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catalyst surface might occur and may produce a different reaction product 
from any that have been observed up to this point, in any of the reactions that 
employed the supported palladium catalysts. The reactions detailed in this 
were conducted in both the i) ambient and ii) elevated pressure reaction 
vessels.
Tables 5.9.1 and 5.9.2 detail a summary of the reaction data, and Figures 5.9.1 
and 5.9.2 shows a reaction profiles for ambient pressure reactions employing 
the 9.1% Cu/SiC>2 catalyst with 2-butyne-l,4-diol, and czs^-butene-1 ,4-diol 
respectively. The catalyst was activated following the procedure developed by 
D.S. Anderson [1].
i) Ambient Pressure Reactions
For both of the ambient pressure detailed experiments in this section the 
experimental procedure was the same as that detailed in Section 3.5 for an 
ambient pressure reaction that employs a copper catalyst. These experiments 
only reached a conversion of 2-butyne-l,4-diol of 11.77% (Figure 5.9.1) and a 
conversion of cis-2-butene-l,4-diol of 10.61% (Figure 5.9.2) in 28 hours 
respectively. This was considerably lower than the amount of conversion that 
would be seen in an ambient pressure reaction employing the 1% Pd/C 
catalyst over a shorter period of time. Indeed it only takes approximately 720 
minutes to hydrogenate all the 2-butyne-l,4-diol when the 1% Pd/C catalyst is 
employed. The rate of hydrogenation for Figures 5.9.1 and 5.9.2 was 
3.13xl0‘7 and 3.09x1 O' 7  moles/l/s/g catalyst, this is far slower than the rate that 
was observed when the 1% Pd/C catalyst was employed (Figure 5.2.1), its rate 
was 1.96xl0*5 moles/l/s/g catalyst for 2-butyne-l,4-diol hydrogenation. There 
was a high selectivity in the order of 98% towards the formation of cis-2- 
butene-l,4-diol (Figure 5.9.1), and 98% towards the formation of butane-1,4- 
diol (Figure 5.9.2) that was maintained during the course of the reaction. This 
was superior to the selectivity that has previously been observed when 
employing the 1% Pd/C catalyst in the ambient reaction vessel which was 
normally around 95% (Figure 5.2.1). The selectivity to formation of butane-
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1,4-diol form czs-2-butene 1 -,4-dio 1 for Figure 5.9.2 was far higher than a 
corresponding reaction (Figure 5.2.2) that employed the 1% Pd/C catalyst to 
hydrogenate czs-2-butene-1,4-diol. There was no formation of butane-1,4-diol 
for Figure 5.9.1. Butanol, cis or trans crotyl alcohol, 3-buten-l-ol or iso- 
propoxytetrahydrofiiran were not observed during the course of the reaction 
for Figures 5.9.1 and 5.9.2, these products usually being observed when using
2-butyne-1,4-diol and the 1% Pd/C catalyst in previous experiments.
The mass balance for the ambient pressure reactions in this section were 
effectively complete. For Figure 5.9.1 the final mass balance was 99.88% 
(Figure 5.9.3 a), and for Figure 5.9.2 the final mass balance was 99.99% 
(5.9.3 b). These final mass balances compare favourably with the final mass 
balance for Figure 5.2.1 was 70.61% (Figure 5.9.3 c).
ii) Elevated Pressure Reactions
The previous two reactions detailed in Figures 5.9.1 and 5.9.2 show ambient 
pressure reactions that were conducted with the 9.1% Cu/SiC>2 catalyst. The 
ambient pressure reactions that utilised the 9.1% Cu/SiC>2 catalyst showed that 
supported copper catalysts could possibly, with further optimisation provide a 
successful replacement to the 1% Pd/C catalyst used for the bulk of the 
investigations detailed here, with improved selectivity. When the 1% Pd/C 
catalyst was first employed in the elevated pressure reaction vessel for the 
selective hydrogenation of 2-butyne-1,4-diol to cw-2-butene- 1,4-diol, an 
enhanced reaction rate was observed (as outlined in Section 5.2). The main 
divergence from the selectivity and product distributions that were observed at 
elevated pressure was the formation of l-(2 -propanyloxy)-butan-l-ol.
For the elevated pressure reactions that employed the 9.1% Cu/SiC>2 catalyst, 
the experimental procedure was the same as that detailed in Section 3.6 for an 
ex-situ reduction of catalyst. The experiments showed no conversion of the 2- 
butyne-1,4-diol over 28 hours. No reaction was detected in the elevated 
pressure reaction vessel, with no material detected in the reaction samples
142
other than the reaction solvent (propan-2 -ol) and the reaction reagent 2 - 
butyne-1,4-diol. The catalyst was completely inactive over the 28 hour period 
the reaction was allowed to run. The experiments were probably unsuccessful 
due to problems with the catalyst activation. Several different weights of 
catalyst were tried, ranging from 4g down to 0.5g. Different flows of 
reduction gas were also tried, form 300ml/minute down to 30ml/minute. 
Changing the flow of the reducing gas also had no impact on the catalyst 
activity, i.e. no activity observed in transferring to an elevated pressure 
regime.
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Figure 5.9.4 Ex-situ reduction apparatus for copper catalysts 
employing the elevated pressure reaction vessel
1/4th Stainless
1/4,h PTFE
Tap 1
6% HJN
Reduction vessel
Catalyst
Sinter
1 /4th PTFE
Reduction and Catalyst Transfer 
Procedure
1. Set tap 1 to the up position, open 
tap 2, close tap 3, close tap 4 and 
open tap 5.
2. Turn on 6% H2/N2 cylinder and set 
flow rate to 1000ml/min.
3. After reduction is complete and the 
catalyst has cooled to ambient 
temperature, reduce 6% H 2/l 2^ to 
150ml/min, set tap 1 to the down 
position, close tap 2, close tap 5, open 
tap 3 and open tap 4.
4. Upturn the reduction vessel so that 
catalyst can be introduced into the 
buchi.
1/4‘h PTFE
1/4,h PTFE
Tap 3 (PTFE 
6mm bore)
To Buchi
Tap 5
To 
scavanger
Molecular Sieve
(  ) 0 2 Trap
00 1 /4th 2-way tap
1 /4th 3-way tap
f—1 Pressure
regulator and
flow meter
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5.9.1 Discussion for the hydrogenation o f 2-butyne-1,4-diol 
employing the 9.1% Cu/Si02 catalyst
The supported copper catalyst was investigated to try to and maximise the 
selectivity to czs-2-butene- 1,4-diol throughout the reaction. It was hoped that 
9.1% Cu/SiC>2 catalyst would produce less unwanted “side products” (with 
higher selectivity to cw-2-butene-1,4-diol formation) such as n-butanol, cis 
and trans crotyl alcohol, 3-buten-l-ol, iso-propoxytetrahydrofiiran.
In the ambient pressure reactor, using l.OOOOg of the 9.1% Cu/SiC>2 catalyst, a 
11.77% conversion of 2-butyne-1,4-diol was achieved in 28 hours (Figure
5.9.1), when cw-2-butene-1,4-diol was employed as the reaction reagent, a 
10.61% conversion was achieved in 28 hours. Using 0.2500g of 1% Pd/C 
catalyst, 100% conversion of 2-butyne-1,4-diol is obtained in 12 hours. In 
light of the slow rate of hydrogenation in the ambient pressure reactor using 
the 9.1% Cu/Si0 2  catalyst, a series of experiments using the elevated pressure 
reactor were conducted. The elevated pressure reactor had previously been 
used to speed up the hydrogenation of 2-butyne-1,4-diol with the 1% Pd/C 
catalyst, the hydrogenation of 2-butyne-1,4-diol being approximately 6  times 
faster in the elevated pressure reactor. In this section with the 9.1% Cu/SiC>2 
catalyst, no reaction was observed with any of the experiments attempted with 
the elevated pressure reactor. The mass balances for the reactions in this 
section are also more complete than for the reactions in Section 5.2 (e.g. 
Figure 5.2.1).
The studies with the copper catalyst highlight differences in the different 
reactors, and the differences in the catalysts. The ambient pressure reactor 
enables the catalyst to be readily reduced in the gas phase. The elevated 
pressure in the elevated pressure reactor should have produced greater 
activity, but activation of copper catalysts at high temperatures (> 200°C) is 
difficult. The relatively low Huttig temperature (179°C) of copper can lead to 
significant surface mobility, i.e. increased possibility of agglomeration of 
surface copper.
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The ex-situ reduction vessel (Figure 3.6.1) was not suitable for the complete 
reduction of the 9.1% Cu/SiC>2 catalyst. The 9.1% Cu/Si0 2  catalyst has a 
relatively low density, this lead to it taking up too much space in the ex-situ 
reduction vessel, so there was a problem of the catalyst sitting in the transfer 
tubing between the reduction vessel and the elevated pressure reactor during 
the reduction. The flow of 6 % H2/N2  gas that was used drove the catalyst off 
the sinter and into the tubing, this led to poor reduction of the supported 
copper catalyst. In the transfer of the catalyst from the ex-situ reduction vessel 
to the elevated pressure reactor, it is quite likely that the existing ex-situ 
methodology is not suitable for supported copper catalysts.
Conversely, the ex-situ reduction of a 1% palladium catalysts is relatively easy 
when compared to the ex-situ reduction of the 9.1% Cu/SiC>2 catalyst. The 
reduction of the 1 % palladium catalysts was possible in the reaction solvent at 
room temperature. Even if the 1% Pd/C catalyst was exposed to air, it will be 
re-reduced by hydrogen in the elevated pressure reactor. The ambient 
pressure reaction vessel is ideal for the reduction of the 9.11% Cu/SiCb 
catalyst as previous study here at Glasgow has shown [1]. The ability to 
reduce the catalyst within the reaction vessel when it is sitting on the sinter 
(Figure 3.5.2), enables the catalyst to be kept under of constant stream of gas, 
thus preventing oxidisation of the catalyst before the reagent solution is 
introduced. With the benefit of the constant gas flow in mind, a new ex-situ 
reduction vessel was designed for the reduction of supported copper catalysts 
for use with the elevated pressure reaction vessel, detailed in Figure 5.9.4. 
Unfortunately there was not enough time to test this ex-situ reduction vessel 
during this project, this would be an interesting area for future investigation.
Improvements in catalyst activation procedures are necessary before future 
work can yield the benefits of using the combination of the elevated pressure 
reactor and the promise of improved selectivity to the formation of cis-2- 
butene- 1,4-diol from 2-butyne-1,4-diol while using supported copper 
catalysts.
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5.9.2 SUMMARY OF THE HYDROGENATION OF 2- 
BUTYNE-l,4-DIOL EMPLOYING THE 9.1% Cu/Si02 
CATALYST
• There is high selectivity towards cw-2-butene- 1,4-diol formation (Figure
5.9.1) and butane-1,4-diol formation (Figure 5.9.2), with it being 
consistently over 98% when the 9.1% Cu/SiC>2 catalyst is employed.
• The 9.1% Cu/SiC>2 catalyst produces fewer “side products” than the
»
equivalent 1% palladium catalyst reactions.
• There is no formation o f iso-propoxytetrahydrofiiran, or any other 
products that have not been observed in other reactions.
• The reaction rate is considerably slower when the 9.1% Cu/Si02 catalyst is 
employed with the ambient pressure reaction vessel.
• There was no observed reaction in the elevated pressure reaction vessel 
when the 9.1% Cu/SiC>2 catalyst was employed, due to problems with the 
catalyst reduction.
• Further work is required to achieve reduction of the 9.1% Cu/Si02 
catalyst, and hydrogenation in the elevated pressure reaction vessel, a new 
ex-situ reduction vessel has been designed and built for this.
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5.10 USING WATER AS A REPLACEMENT SOLVENT
This section summarises reactions that were conducted at ambient and 
elevated pressure using two 1% Pd/C catalyst with distilled water being used 
as a replacement solvent. Up to this point this project has concerned the 
selective hydrogenation of 2-butyne-1,4-diol to cw-2-butene-1,4-diol 
employing propan-2-ol as the reaction solvent, with a variety of supported 
palladium catalysts. There have studies detailed in the literature that have 
investigated the selective hydrogenation o f 2-butyne-1,4-diol using water as 
the reaction solvent [9, 20, 21, 22, 23, 24, 37]. Chaudhari et al [22] has 
reported the formation o f products such as y-hydroxybutyraldehyde, n- 
butyraldehyde and an acetal, when water has been used as the reaction solvent 
for the hydrogenation of 2-butyne-1,4-diol. This series of experiments aims to 
ascertain whether the reaction solvent can have a significant effect of the 
reaction rate, the products produced, and product distributions observed.
Using distilled water as the reaction solvent, it is unlikely that iso- 
propoxytetrahydrofuran will be produced, as there is no easy route to the 
formation of the require propan-2-ol. There is the possibility o f other side 
products being formed that would not be found when using the 1% Pd/C 
catalyst employing propan-2-ol as the reaction solvent. This section can be 
divided into two parts, i) ambient pressure reactions employing distilled water 
as a replacement solvent (Figures 5.10.1 and 5.10.2), and ii) an elevated 
pressure reaction employing distilled water as a replacement solvent (Figure 
5.10.3).
153
i) Ambient Pressure Reactions
Tables 5.10.1 and 5.10.2 detail a summary o f the reaction data, and Figures 
5.10.1 and 5.10.2 shows reaction profiles for ambient pressure reactions 
employing the 1% Pd/C catalyst and distilled water as a replacement solvent 
with 2-butyne-1,4-diol and cz.y-2-butene-1,4-diol respectively.
The experimental procedure for Figures 5.10.1 and 5.10.2 was the same as 
that detailed in Section 3.5 for an ambient pressure reaction that employed a 
programmed in-situ reduction of the catalyst (reduction of catalyst in the gas 
phase), with the exception that distilled water was used as the reaction solvent. 
Figure 5.10.1 reached a conversion o f the 2-butyne-1,4-diol of 95.69% in 
1410 minutes. The initial selectivity towards the formation of czs-2-butene-
1.4-diol quite low (in the order of 50%), the selectivity did reach 98.46% by a 
conversion of 79.46%. Figure 5.10.2 reached a conversion of the cw-2-butene-
1.4-diol of 47.83% in 750 minutes. A selectivity towards the formation o f 
butane-1,4-diol o f 98% was maintained until a conversion 47.83%, this 
selectivity is significantly higher than had been previously observed Section 
5.2 when propan-2-ol had been employed as the reaction solvent.
In both Figures 5.10.1 and 5.10.2 there was no formation of cis or trans-crotyl 
alcohol, 3-buten-l-ol or iso-propoxytetrahydrofuran observed during the 
course of the reaction, these products would normally be observed when using 
2-butyne-1,4-diol or cw-2-butene-1,4-diol and the 1% Pd/C catalyst with 
propan-2-ol. In Figures 5.10.1 and 5.10.2 there was formation o f hydroxy- 
tetrahydrofiiran. This had previously been observed when the 1% Pd/AhCb 
catalyst (nitrate precursor) was employed. The formation o f hydroxy- 
tetrahydrofiiran is consistent with the postulated reaction mechanism detailed 
in Chapter 6.
The rate of hydrogenation for Figure 5.10.1 and 5.10.2 were 9.19X10-6 and 
8.18X10-6 moles/l/s/g catalyst, these rates are approximately half o f the 
equivalent rates for experiments in Section 5.2 that employed propan-2-ol as
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the reaction solvent. The mass balances for Figures 5.10.1 and 5.10.2 were 
98.97% and 99.86% respectively, these compare well with the mass balances 
for similar reactions in Section 5.2 that employed propan-2-ol as the reaction 
solvent (their mass balances were in the order o f 70%). The mass balance 
profiles for Figures 5.10.1 and 5.10.2 can be seen in Figure 5.10.4 a) and 
5.10.4 b) respectively.
ii) Elevated Pressure Reaction
Table 5.10.3 details a summary o f the reaction data, and Figures 5.10.3 shows 
reaction profiles for an elevated pressure reaction employing the 1% Pd/C 
catalyst and distilled water as a replacement solvent with 2-butyne-1,4-diol.
The experimental procedure was the same as that detailed in Section 3.6 for an 
ambient pressure reaction that employs the 1% Pd/C catalyst that employed 
programmed ex-situ reduction of the catalyst, with the exception o f distilled 
water being used as the reaction solvent. This experiment reached a 
conversion of 2-butyne-1,4-diol of 96.18% in 300 minutes. As above, this was 
lower than the amount of conversion that would be seen in an elevated 
pressure reaction employing the 1% Pd/C catalyst over a shorter period of 
time. It only takes approximately 120 minutes to hydrogenate all the 2-butyne-
1,4-diol when the 1% Pd/C catalyst is employed with propan-2-ol, as above 
the change of the reaction solvent has approximately doubled the amount of 
time required to fully hydrogenate all the 2-butyne-1,4-diol.
There was a selectivity in the order of 90% towards the formation of cis-2- 
butene-1,4-diol until 89.50% conversion. As in Figures 5.10.1 and 5.10.2 
there was no formation of cis or trans-crotyl alcohol, 3-buten-l-ol or iso- 
propoxytetrahydrofuran observed during the course o f the reaction, there was 
the formation of hydroxy-tetrahydrofuran in this reaction as above.
155
The rate of hydrogenation of 2-butyne-1,4-diol around half that observed in a 
similar reaction that employed the 1% Pd/C catalyst and propan-2-ol, 
1.43x1 O'5 as opposed to 3.07x1 O'5 moles/l//s/g catalyst. The mass balance at 
the end of the reaction was 97.27%. The mass balance profile for Figure 
5.10.3 can be seem in Figure 5.10.4 c).
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5.10.1 Discussion for using water as a replacement solvent
All the ambient and elevated pressure reactions in this section do not show a 
number of products that would that were observed in the reactions that have 
used propan-2-ol as the reactions solvent. The products that do not appear 
when distilled water is used instead of propan-2-ol are 3-buten-l-ol, cis and 
trans-crotyl alcohol and iso-propoxytetrahydrofiiran. Instead, the iso- 
propoxytetrahydrofuran is replaced with hydroxy-tetrahydrofuran. The use of 
distilled water as the reaction solvent has reduced the number of “side 
products”. The major product at the end of all the reactions detailed in this 
section is butane-1-,4-diol instead of iso-propoxytetrahydrofuran as in the 
equivalent reactions that used propan-2-ol as the reaction solvent, detailed in 
Section 5.2. Other solvent such as hexane and butanol have also be tried, 2- 
butyne-l,4-diol was not soluble in hexane (2-butyne-l,4-diol requires a 
relatively polar solvent), a sample plot for a reaction that employed butanol as 
the reaction solvent can be seen in Section 5.11. The solvent seems to play a 
role in the final product distribution of the products formed.
Hydroxy-tetrahydrofuran is produced in the place of iso- 
propoxytetrahydrofuran due to the fact that there is no propan-2-ol present in 
the in the reaction vessel. The precursor to the formation of iso- 
propoxytetrahydrofuran is still present at the catalyst surface, but instead of 
being able to have a concerted ring closure with a propoxy group, the 
hydroxyl is present instead. The presence o f the hydroxyl group leads to the 
formation of the hydroxy-tetrahydrofuran. The formation of hydroxy- 
tetrahydrofuran is completely consistent with the reaction mechanism as 
detailed in Chapter 6.
By comparing both the ambient (Figure 5.10.1) and elevated (Figure 5.10.3) 
pressure experiments in this section that detail the selective hydrogenation of 
2-butyne-l,4-diol, it can be seen that as with the equivalent reactions that 
employ propan-2-ol as the reaction solvent (Section 5.2), the increase in 
pressure between the ambient and elevated pressure reactions does not have a
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significant effect on the final product distributions (taking into account that 
the ambient pressure reactions does not reach 200% conversion in the 
timeframe o f the reaction profile covers).
The rate of hydrogenation of ds-2-butene-1,4-diol for the ambient pressure 
reaction (Figure 5.10.2) that employed distilled water as the reaction solvent 
was 8.18x1 O'6 moles/l/s/g catalyst respectively. This rate compares quite well 
with the rate of hydrogenation of 2-butyne-l,4-diol in the ambient and 
elevated pressure reactions, 9.19x1 O'6 and 1.43x1 O'5 moles/l/s/g catalyst for 
the elevated pressure reaction. The rate of hydrogenation o f ds-2-butene-1,4- 
diol in the ambient pressure reactions is slower than the rates for the 
hydrogenation of 2-butyne-l,4-diol due to the different adsorption energies 
the two species have at the catalyst surface.
The elevated pressure reaction (Figure 5.10.3) detailed in this section for the 
selective hydrogenation of 2-butyne-l,4-diol displayed an increased rate of 
reaction when compared the ambient pressure reactions in this section. This in 
is not unexpected, the increase in reaction rate with increased pressure has 
been observed in Section 5.2.
As with the equivalent reactions that employ propan-2-ol as a reaction solvent, 
there is relatively little hydrogenation o f cw-2-butene-1,4-diol when there is 
still 2-butyne-l,4-diol available in the reaction vessel for hydrogenation in the 
ambient and elevated pressure reactions. As with the reactions detailed in 
Section 5.2, there is competitive adsorption between 2-butyne-l,4-diol and 
czs-2-butene-1,4-diol on the surface of the catalyst in both the ambient and 
elevated pressure reactions (with 2-butyne-l,4-diol dominating because o f its 
relatively higher adsorption coefficient), preventing access to active sites for 
c/s-2-butene-1,4-diol when there is still 2-butyne-l,4-diol present in the 
reaction solution. There is also competition with water molecules for the 
adsorption sites.
Comparing the selectivity for the hydrogenation of 2-butyne-l,4-diol in the
ambient and elevated pressure reactions, with the selectivity of the
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hydrogenation of c/s-2-butene-1,4-diol in the ambient and elevated pressure 
reactions, illustrates an interesting point that is not mirrored by the reactions 
that employ propan-2-ol as the reaction solvent. After the initial period the 
selectivity to the formation of c/s-2-butene-1,4-diol formation is over 90% in 
both the ambient and elevated pressure reactions, as with the reactions in 
Section 5.2 that use propan-2-ol as the reaction solvent. Unlike the equivalent 
reactions in Section 5.2, however, the selectivity towards the formation of 
butane-1,4-diol for the hydrogenation o f czs-2-butene-1,4-diol in both the 
ambient and elevated pressure reaction vessels is in the order o f 90%. The 
significantly higher selectivity towards the formation of butane-1,4-diol in 
both the ambient and elevated pressure reactions illustrates that when distilled 
water is used as the reaction solvent the ability o f  the adsorbed c/s-2-butene-
1,4-diol species to be converted to the other “side products” has been 
reduced. This is reflected in the (far) higher selectivity during the second stage 
of the reaction, and the more limited range of products that are observed in the 
product distributions, and the increased amount of butane-1,4-diol that is 
formed by the end of the reaction. When distilled water is employed as the 
reaction solvent there is a different range of reaction products in the second 
stage of the hydrogenation process. Presumably the presence o f the water at 
the Pd surface impedes these side reactions and the direct hydrogenation route 
is favoured.
The rates of hydrogenation for the ambient and elevated pressure reactions in
this section for 2-butyne-1,4-diol and cw-2-butene-1,4-diol are uniformly
around half the rates of the equivalent reactions in Section 5.2. This is due to
competition on the catalyst surface for adsorption between distilled water and
2-butyne-1,4-diol (and/or czs-2-butene-1,4-diol), this competition not only
slows the rate of hydrogenation but also helps prevent the reactions of the
intermediate species (see Chapter 6) that can go on to form butane and butene,
with their formation being the main reason for the mass imbalance
experienced in the reactions in Sections 5.2 and 5.8 when employing propan-
2-ol with the 1% Pd/C catalyst. It has been reported in the literature that the
“side products” come form acid hydrogeno lysis [9, 20, 22, 37] which can be
enhanced under acidic conditions. The relatively more acidic reaction solution
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in the experiments in the section (around pH 2.4) should produce more side 
products when compared to the experiments in Section 5.2 (around pH 5.2), 
but more importantly more butane and butene leading to a less complete mass 
balance. This is not the case because the rate of reaction is retarded by the 
presence of adsorbed water on the catalyst surface, enabling the adsorbed 
reaction intermediates to desorb from the catalyst surface before they can lose 
both hydroxyl groups to become butane and butene, certainly retention of the 
mass balance in consistent with the product distribution that is observed in the 
experiments in this section. The reactions detailed in this section seem to be 
displaying the opposite behaviour than that suggested by the literature 
references above.
Using distilled water as the reaction solvent we sacrifice reaction rate, but 
gain increased selectivity during the first stage o f the reaction to c/s-2 -butene-
1,4-diol, and greatly increased selectivity towards butane-1,4-diol during the 
second stage of the reaction. The use of distilled water also reduces the 
amount of “side products” that are found in the final product distribution.
The formation of hydroxy-tetrahydrofuran has important implications for the 
overall reaction mechanism, it could possible to extend this facet of the 
overall reaction mechanism to produce other substituted fiirans, simply by 
varying the reaction solvent. We have seen evidence from the reactions that 
use the 1 % PCI/AI2 O3 catalyst (nitrate precursor) that we can produce different 
substituted fiirans by varying the catalyst support. In the case of the 1% 
Pd/AhC^ catalyst (nitrate precursor) the presence of the hydroxyl groups on 
the support material lead to the formation of hydroxy-tetrahydrofuran. Future 
work could further exploit the ability to form other substituted fiirans, in a 
catalytic manner as has been detailed in the reactions here. Substituted fiirans 
have more commercial value than the other alcohol species that are normally 
produced in this type of catalytic reaction.
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5.10.2 SUMMARY FOR WATER AS A REPLACEMENT 
SOLVENT
• Fewer “side products” are produced when water is employed as the 
reaction solvent, there was no formation of cis or trans-crotyl alcohol or 3- 
buten-l-ol.
• Hydroxy-tetrahydrofuran was produced in the place of iso- 
propoxytetrahydrofuran due to the fact that there was no propan-2-ol 
present to react with the iso-propoxytetrahydrofuran precursor. This opens 
the possibility o f being able to produce different substituted furans by 
varying the reaction solvent.
• For Figures 5.10.1 and 5.10.3 the selectivity towards butane-1,4-diol 
formation during the second stage of the reaction was greatly improved 
when compared to the reactions in Section 5.2, the selectivity towards 
butane-1,4-diol formation in Figure 5.10.2 showed a similar improvement.
• The mass balance when distilled water was employed as the reaction 
solvent was more complete than when propan-2-ol was used as the 
reaction solvent. Distilled water seems to inhibit some of the 
hydrogenolysis that can lead to the formation of butene and butane, which 
can have a detrimental effect of the overall mass balance.
• There is competition between water and 2-butyne-1,4-diol (and/or cis-2- 
butene-1,4-diol) on the catalyst surface, leading to a reduced rate of 
hydrogenation, and no discernible formation of butane and butene.
• Acid hydrolysis has been reported in the literature as the probable source 
for the reaction pathways that lead to the formation o f the “side-products”. 
This seems to be in disagreement with the experimental observations in 
this section.
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5.11 ISO-PROPOXYTETRAHYDROFURAN 
PURIFICATION, CALIBRTION AND AN INITIAL 
BUTANOL TEST REACTION
It was originally thought that iso-propoxytetrahydrofuran was something like 
butyrolacetone, after an extensive literature search a paper was found that 
detailed the formation o f iso-propoxytetrahydrofuran from 3-buten-l-ol [38]. 
This paper describes the formation of iso-propoxytetrahydrofuran but under 
oxidative conditions, the reverse of the conditions that are present in the 
reaction vessel during the selective hydrogenation o f 2-butyne-1,4-diol. !H 
NMR and MS were used to confirm the presence of iso- 
propoxytetrahydrofuran in the final reaction solution. This section can be split 
into two parts, i) purification and calibration of iso-propoxytetrahydrofuran, 
and ii) an initial butanol test reaction.
i) Purification and calibration o f iso-propoxytetrahydrofuran
This part of the section details how iso-propoxytetrahydrofuran was further 
purified after it had been confirmed in the sample, so that a calibration curve 
could be constructed from standard solutions of iso-propoxytetrahydrofuran. 
Figure 5.11.1 shows a standard lH NMR spectrum that was obtained by using 
the method outlined in Section 3.8. The spectrum detailed a solution that has 
around a 40% concentration of iso-propoxytetrahydrofuran. The spectrum 
employs the same naming convention as outlined in Chapter 6, Figure 6.4.1 
and Table 6.4.1 can be used to assign the peaks in Figure 5.11.1 (it should be 
noted that when the spectrum in Figure 5.11.1 was conducted the NMR 
required a service, this along with concentration differences accounts for any 
drift between the spectra in Chapter 6 and Figure 5.11.1).
To calibrate the GC for iso-propoxytetrahydrofuran the solution had to be 
further purified. To achieve this, the solution was decanted in approximately 
0.2ml quantities in a sample vial. To reduce the solvent content a slow flow of 
helium was employed to drive the solvent off (in the case of this sample it was
mostly propan-2-ol with a little butanol). The procedure was employed to get 
enough relatively pure iso-propoxytetrahydrofuran to allow for GC 
calibration. GC analysis of the sample was conducted to check the purity, 
diluted in both propan-2-ol and butanol to assess the amount of butanol and 
propan-2-ol left in the purified sample. Using this method it was possible to 
produce a sample that was 95.85% iso-propoxytetrahydrofuran.
Calibration tests were conducted on the newly purified sample by producing a 
set of known mass standards (0.2g/10ml) with the purified sample diluted both 
in propan-2-ol and butanol, this way the actual concentration of iso- 
propoxytetrahydrofuran in the standard solutions could be confirmed (and any 
of the other reaction products that were left in the purified sample could be 
assessed). A different calibration has subsequently been employed be Iain 
Duncanson, his method confirms the calibration curves produced for iso- 
propoxytetrahydrofuran from the method outlined above [10].
ii) Initial butanol test reaction
It has been stated in earlier sections that a solvent interaction between the 
reaction solvent and an adsorbed species present on the catalyst surface is 
responsible for the formation of the resultant fiiran species. Section 5.10 has 
illustrated that when distilled water was employed as the reaction solvent that 
hydroxy-tetrahydrofuran was produced. To examine if this was the case for 
other solvents, initial tests were conducted employing n-butanol as the 
reaction solvent. Figure 5.11.2 details a reaction profile for a reaction that 
employed butanol as the reaction solvent, Figure 5.11.3 is a mass-spectrum for 
the fiiran compound that was produced in the reaction, the compound was 
butoxy-tetrahydrofiiran, confirmed by ]H NMR in combination with the mass- 
spectrum. The main feature of the mass-spectrum is the main peak at 71, 
corresponding to the fiiran ring. The peak at 144 indicates a molecular mass 
that would be consistent with butoxy-tetrahydrofiiran. The mass-balance for 
this reaction was not considered as butanol is one of the reaction products, but
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the initial reaction confirms the possibility of producing other furans simply 
by switching the reaction solvent.
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Figure 5.11.2: Reaction profile for an ambient pressure reaction 
employing butanol as the reaction solvent
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5.11.1 SUMMARY FOR SECTION 5.11
• Iso-propoxytetrahydrofuran was identified and confirmed using a 
combination of NMR and GC-MS.
• Iso-propoxytetrahydrofuran was further purified to 95.85% by carefully 
blowing the solvent off with a slow supply of Helium for calibration 
purposes.
• It has been shown that changing the reaction solvent will effect the fiiran 
that is produced, with distilled water hydroxy-tetrahydrofuran was 
produced, and with butanol butyoxy-tetrahydrofiiran was produced.
174
5.12 ELEVATED PRESURE INVESTIGATION INTO
POSSIBLE HOMOGENEOUS REACTIONS
This section summarises elevated pressure reactions that were conducted to 
investigate the possibility of homogeneous processes being responsible for the 
formation reaction products such as iso-propoxytetrahydrofuran, rather than 
through the processes on the catalyst surface. To investigate the possibility 
that the catalyst was not directly involved in the formation of iso- 
propoxytetrahydrofuran and that homogeneous processes such as 
hydroformylation [39, 40, 41, 42, 43, 44] could be responsible for its 
formation, a number of modified elevated pressure reactions were performed. 
It has been reported in the literature for the selective hydrogenation o f 2- 
butyne- 1,4-diol that no reaction (and hence no homogeneous reaction(s)) 
occurs under reaction conditions in the absence o f the catalyst [20]. The 
experimental procedure for the testing of the possible homogeneous formation 
o f the reaction products can be split into two parts.
The first part of the experimental procedure for these experiments was largely 
the same as that detailed in Section 3.6 for an elevated pressure reaction. The 
main difference being that when the initial 2-butyne-1,4-diol had all been 
hydrogenated, and there was no further reaction, a spike (0.227 molar cis-2- 
butene-1,4-diol in the case of homogeneous test 1 and 0.233 molar 2-butyne-
1,4-diol in the case o f homogeneous test 2, Figures 5.12.1 and 5.12.2 
respectively) was added to the final reaction mixture. Reaction samples were 
taken periodically during this part of the experimental procedure, and 
analysed as detailed in Section 3.9. Before the spike was added to the reaction 
mixture, the reaction slurry was collected for the elevated pressure reaction 
vessel and filtered. The filtration removed the bulk o f the catalyst present, the 
remaining supernatant solution was then centrifuged for 5 minutes in 5cm3 
centrifuge tubes to remove any of the particulates left in the reaction solution. 
All the catalyst had to be removed from the final reaction solution to ensure 
that there was no catalyst present that could contribute to the formation o f any 
of the products, for the second part of the experiment.
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The second part of the experimental procedure involved the introduction of a 
selected spike of either 2-butyne-1,4-diol (for homogeneous test experiment 2) 
or c/s-2-butene- 1,4-diol (for homogeneous test experiment 1) to a nominal 
concentration of 20g/l. Once the spike had been added to the filtered reaction 
solution (and all the spike material had been dissolved) a sample of the newly 
spiked reaction solution was taken and analysed by GC (that is the 1440 
minute sample in both of the reaction profiles for this section). The spiked 
solution was then reintroduced into the elevated pressure reaction vessel and 
degassed for 30 minutes with a stream o f N2  gas. The gas was then changed to 
H2 , the scavenger was then closed and the elevated pressure reaction vessel 
was then allowed to reaction pressure. The experiment was left to continue 
under standard elevated pressure reaction conditions, with samples taken 
periodically to investigate if there was any evidence of homogeneous 
processes, leading to the formation o f iso-propoxytetrahydrofuran.
If no further reaction occurred then the relative composition of the spiked 
reaction solution should remain the same at the end of the reaction, as it was 
when it had been spiked before the reintroduction of the solution into the 
reaction vessel. If  there was evidence of the relative composition o f the spiked 
solution changing when their was no catalyst present, and there was an 
increase in the amount o f iso-propoxytetrahydrofuran present in the spiked 
solution, then the formation o f iso-propoxytetrahydrofuran could be attributed 
to homogeneous processes. Figures 5.12.1 and 5.12.2 show the reaction 
profiles for the homogeneous test reactions that had a cw-2-butene-1,4-diol 
and 2-butyne-1,4-diol spike in them respectively. The summary table detailing 
the number of moles for each species present can be seen for the cw-2-butene-
1,4-diol spike and the 2-butyne-1,4-diol spike in Tables 5.12.1 and 5.12.2 
respectively.
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5.12.1 Discussion for elevated pressure investigation into possible
homogeneous reactions
Both the c/s-2-butene- 1,4-diol and 2-butyne-1,4-diol spike homogeneous test 
reactions did not show any further reaction. This means that there was no 
catalyst left in the reaction solution after it had gone through both the 
filtration and centrifuge processes. If  there had been any catalyst particulates 
present in the solution then there would have been evidence of reaction, you 
would expect to see at least some of the 2-butyne-1,4-diol would have been 
hydrogenated to form cz's-2-butene-1,4-diol or in the case of the first 
homogeneous test reaction, some czs-2-butene-1,4-diol being converted to the 
other reaction products. This clearly was not the case with the concentrations 
o f czs-2-butene- 1,4-diol in the first homogeneous test reaction, and 2-butyne-
1,4-diol in the second test reaction remaining the same (within experimental 
error) to the end of the reactions. There was also no significant change in any 
o f the respective concentrations of any of the other products form the first 
part o f the reaction. Species such as the cis and trans-crotyl alcohol, 3-buten-
l-ol and the butanol did not get produced and/or converted when there was no 
catalyst present, therefore no reaction without the catalyst present.
If no reaction was observed, then iso-propoxytetrahydrofuran can not be 
produced from the reaction solution with no catalyst present. With no catalyst 
present, only a homogeneous type reaction would be possible, production of 
iso-propoxytetrahydrofuran in these conditions would give strong evidence 
that iso-propoxytetrahydrofuran is formed through homogeneous processes, 
there is no evidence to suggest that. Test experiments that have been 
conducted in the ambient and elevated pressure reaction vessels without the 
presence of catalyst at the start of the reaction have shown no formation of 
any reaction products. Iso-propoxytetrahydrofuran has been shown to be 
formed only when the catalyst is present, and in a heterogeneous type manner, 
the possibility o f a homogeneous process being responsible for the production 
of the iso-propoxytetrahydrofuran when the catalyst is present can be 
discounted.
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Chapter Six 
RESULTS AND DISCUSSION PART (II)
6.1 INTRODUCTION
The purpose of this chapter is to try and use the spectroscopic methods of 
NMR and GC-MS to try and formulate a reaction mechanism that 
encompasses all the experimental observations made up to this point. Using 
the combination of H2 and D2 gas, lH NMR, 13C NMR, GC and GC-MS 
analysis the reactions detailed here have been followed throughout their 
reaction profiles. By careful integration of all the spectroscopic and analytical 
elements, and the combination of previous experimental observations the aim 
is to propose a reaction mechanism that rationalises the mechanism in view of 
the experimental data. The earlier experiments, such as the competitive- 
adsorption, activation energies, order of reaction, the ambient and elevated 
pressure and the mono-substituted alkyne studies, all give insight into how the 
reaction pathways of the mechanism at the catalyst surface inter-relate.
A major goal of any mechanism is to explain the formation of iso- 
propoxytetrahydrofuran. Iso-propoxytetrahydrofuran is a product that was not 
expected to be formed when the reaction was first undertaken, yet it plays a 
significant role in the final reaction product distributions in all reactions 
involving 2-butyne-1,4-diol and the 1% palladium catalysts detailed in this 
thesis. There are “sister” products to iso-propoxytetrahydrofuran such as l-(2- 
propanyloxy)-butan-l-ol and hydroxy-tetrahydrofiiran. 1 -(2 -propanyloxy)- 
butan-l-ol is produced in small amounts in the elevated pressure reactions that 
employ the l%Pd/C catalyst and instead of iso-propoxytetrahydrofuran in the 
mono-substituted reactions detailed in Section 5.8. Hydroxy-tetrahydrofuran 
is seen in the reactions that employ H20  as a solvent and the ambient pressure 
reaction that employed the 1% Pd/Al2C>3 (nitrate precursor) catalyst (through 
interaction of a reaction intermediate with hydroxyl groups on the support in 
the case of the 1% Pd/Al20 3  (nitrate precursor) catalyst). Like iso- 
propoxytetrahydrofuran these “sister” products would not be predicted under 
the reaction schemes described in the literature [1,2,3,4]. Although 
unexpected, the presence of these “sister” products in the product distributions 
should, with careful reasoning be able to be explained. It would be useful to
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be able to tie these three similar, but chemically and physically disparate 
molecules together under a single, comprehensive reaction mechanism. A 
good understanding of the mechanisms that occur on the catalyst during the 
course of a reaction is always o f use to a catalytic chemist. It is desirable, if 
possible to tailor the reaction chemistry to enhance the product distributions, 
so that more o f the product(s) of choice is (are) produced.
The set of experiments that are detailed in this chapter have been designed to 
allow better understanding of how iso-propoxytetrahydrofiiran and its sister 
products are formed. The experiments should also allow the various different 
reaction products such as cis and trans-croty\ alcohol, 3-buten-l-ol, cis-2- 
butene-1,4-diol and butane-1,4-diol to be brought together under one 
comprehensive mechanism. This detailed study will enable future 
optimisation of the reaction’s conditions and catalyst to enable enhanced 
selectivity to the desired reaction products. The investment in time to conduct 
the experiments and formulate the reaction mechanism, will pay dividends in 
the increased understanding of the processes involved in the selective 
hydrogenation of 2-butyne-1,4-diol. The formation of a substituted fiiran 
could have some commercial benefits, and a simple catalytic route to the 
formation of fiirans is in contrast to a long, drawn out multistep organic 
synthesis, (see introduction)
6.2 DEVELOPMENT OF A REACTION MECHANISM
There are a few studies reported in the literature that propose a scheme for the 
selective hydrogenation of 2-butyne-1-,4-diol, using a supported ruthenium 
catalyst [3], and more interestingly using a supported palladium catalyst [1, 2, 
4]. Winterbottom et al proposed a reaction scheme for the selective 
hydrogenation of 2-butyne-1,4-diol to c/s-2-butene- 1,4-diol using the 
supported palladium catalysts, detailing the side products that can be produced 
during the reaction, detailed in Figure 6.2.1 [1].
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Figure 6.2.1 Proposed reaction scheme by W interbottom et al [1]
2-But\ne-1.4-diol G.v-2-Butene-1,4-diol Butane-1,4-diol
( is or 7/mv-Crotvl .Alcohol
'OH
/v'-butMaldclivdc
H
H2 
n-Butanol
H2
'O H
Winterbottom et al reported that 2-butyne-1,4-diol could be selectively 
hydrogenated to cxv-2-butene- 1,4-diol, or 2-butyne-1,4-diol could be directly 
hydrogenated to produce butane-1,4-diol. Using their catalysts they also found 
a number o f  other possible side reactions that could occur during the selective 
hydrogenation o f 2-butyne-1,4-diol. They proposed that the c/5,-2-butene-l,4- 
diol could lose H20  and gain H2 to form cis or trans-crotyl alcohol, and that 
this cis or trans-crotyl alcohol could either go through a rearrangement to 
form z?-butyraldehyde or gain a further H2 and go onto form z7-butanol.
When initial experiments investigating the selective hydrogenation o f  2- 
butyne-1,4-diol were conducted at Glasgow University a similar range o f 
reaction products were observed. From the spread o f  reaction products 
observed a reaction scheme can be proposed, detailed in Figure 6.2.2.
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Figure 6.2.2 Proposed reaction scheme for this study
2-Butvne-1,4-diol
3-Butene-l-ol
( /.v-2-Butcne- 1.4-diol
( is or 7/ms-Crotvl Alcohol
1 sopropoxytetrahydrofuran
Major product if reaction 
allowed to run to completion.
n-Butanol
'O H
Butane-1,4-diol
/V-buhraldcliydc 
0
„
H»0= OH H
11
C
1
M
There are a number o f  differences between the reaction scheme proposed by 
Winterbottom et al (Figure 6.2.1) and the reaction scheme proposed in Figure 
6.2.2. No w-butyraldehyde has been observed in any o f  the reactions 
conducted during this study. Winterbottom et al did not report the formation 
o f iso-propoxytetrahydrofuran or 3-buten-l-ol [1], indeed there has been no 
reported literature studies that have detailed the formation o f iso- 
proproxytetrahydro furan (and/or its “sister” products hydroxy- 
tetrahydro furan and l-(2-propanyloxy)-butan-l-ol) and 3-buten-l-ol during 
the selective hydrogenation o f  2-butyne-1,4-diol using a supported palladium 
catalyst. 3-buten-l-ol can be explained by double bond migration, but clearly 
additional, more complex chemistry is active in the formation o f iso- 
propoxytetrahydrofuran (and its “sister” products). The water molecules in
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this reaction scheme can be thought of as hydroxyl groups and hydrogen 
atoms adsorbed on the catalyst surface. We attribute the hydroxyl groups to be 
associated with the carbon support and the hydrogen to be associated with the 
metal.
TV-butyraldehyde [1, 2, 3, 4] and y-hydroxybutyraldehyde [2, 3, 4] have been 
reported to have been formed during the selective hydrogenation of 2 -butyne-
1,4-diol by double bond migration [1, 2, 3, 4, 5] and hydrogenolysis [1, 2, 3, 
4, 6 , 7], these products have not been observed during any o f the reactions 
conducted for this study, but this does not discount the possibility of double 
bond migration and hydrogenolysis playing an import role in the overall 
reaction mechanism (e.g. the formation of 3-buten-l-ol, cis and £raw$-crotyl 
alcohol and butanol).
As previously stated, iso-propoxytetrahydrofuran is an unexpected product for 
this type of catalytic reaction. In the literature iso-propoxytetrahydrofuran has 
been reported to have been produced through the reaction of 3-buten-l-ol with 
propan-2 -ol [8], although under oxidising rather that reducing reaction 
conditions that are very different to those present in the ambient and elevated 
pressure reaction vessels employed in this study. Tedeschi found that the use 
of either small amounts of either phosphoric or p-io luenesulfonic acid in the 
hydrogenation of saturated diols resulted in the formation of the 
corresponding tetrahydro furan and hydrocarbon [6 ].
While none of the literature that details the selective hydrogenation of 2- 
butyne-1,4-diol reports the formation of iso-propoxytetrahydrofuran, there are 
a couple that report the formation of an acetal (butane-1,4-diol acetal of 4- 
hydroxybutanal), using a supported ruthenium catalyst [3] and a supported 
palladium catalyst [2]. It was originally thought that iso- 
propoxytetrahydrofuran could have been butane-1,4-diol acetal of 4- 
hydroxybutanal, with the two studies that reported the formation of the acetal 
not employing any catalytic poisons to enhance selectivity. Chaudhari et al 
proposed the reaction scheme detailed in Figure 6.2.3 when a supported
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palladium catalyst was used [2], with the reaction scheme being very similar 
to that proposed by Del Rosso et al for a study that investigated the selective 
hydrogenation o f 2-butyne-1,4-diol employing a supported ruthenium catalyst 
[3]. The butane-1,4-diol acetal o f  4-hydroxybutanal was formed through the 
reaction o f  y-hydroxybutyraldehyde with butane-1,4-diol.
Figure 6.2.3 Proposed reaction scheme for the formation o f  butane-
1,4-diol acetal o f  4-hydroxybutanal
2-But\ne-1.4-diol
H2
( /.s-2-Butene-1.4-diol Bulanc-1.4-diol
I t
isomerisation
/7-biil\raldclivdc
O H?
-bbO
Acetal
c h2- c h >— ( \
OVCtb-Cf
CH-(CH2)3-OH
2IT -H2O
7?-biitanol
'OH
GC-MS and 'H NMR confirmed that there was no production o f  the acetal, y- 
hydroxybutyraldehyde or tf-butyraldehyde in the reaction conducted for this 
project. NMR and GC-MS showed the orginally unknown molecule to be iso- 
pro pro xytetrahydro furan (detailed in Section 5.11). The reported formation o f  
the acetal [2, 3] helps illustrate some o f the possible reaction pathways 
available when an unpoisoned supported catalyst is employed for the selective 
hydrogenation o f 2-butyne-1,4-diol.
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6.3 ELEVATED PRESSURE MECHANISM REACTIONS
All the experiments conducted for the development of the reaction mechanism 
were carried out using the elevated pressure reactor. The elevated pressure 
reactor was chosen over the ambient pressure reaction vessel for a number of 
reasons. The rate of hydrogenation is much quicker for a reaction conducted 
in the elevated pressure reactor when compared to the rate observed in the 
ambient pressure reactor {i.e. less reaction run time required). The sample 
volumes required for the GC, GC-MS, !H NMR and 2D NMR analysis can be 
extracted from the elevated pressure reactor without having much of a 
detrimental effect on the overall reaction volume. As D2 gas is quite 
expensive, a flxlly closed system {i.e. no continuous sparging of gas through 
the reaction vessel to the scavenger) allows for more efficient use of the D2 
gas.
The experiments carried out in the elevated pressure reactor were conducted at 
2 bar gauge, at 65°C, employing 400ml of a 0.233M solution o f 2-butyne-1,4- 
diol in propan-2-ol (the same as the conditions as detailed in Section 3.6). The 
sample volumes that were taken from the reaction vessel during the course of 
the reaction were around 7ml, this was to allow for enough sample to carry 
out GC, GC-MS analysis, ]H NMR and 2D NMR analysis. The activation of 
the catalysts was conducted in-situ (solvent reduction), employing 300ml of 
the 400ml of the propan-2-ol to activate the catalyst, with H2 gas or D2 gas 
bubbled through the stirred solvent solution, depending on the experiment. 
The overall mass balance and selectivities for the reactions detailed in this 
chapter are the same as the previously detailed elevated pressure experiment 
in Section 5.2.
The elevated pressure mechanism series of experiments have been designed to 
interrogate the reaction scheme, when they are considered in conjunction with 
the GC-MS data it is possible to postulate an overall reaction mechanism 
(detailed later). The elevated pressure mechanism experiments can be broken 
down into four main types. The first, is a reaction that has employed only H2
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gas to hydrogenate throughout the reaction (H2 elevated pressure mechanism 
reaction, detailed in Figure 6.3.1). The second, is a reaction that has employed 
only D2 gas to hydrogenate throughout the reaction (D2 elevated pressure 
mechanism reaction, detailed in Figure 6.3.2). The third, is a reaction that 
initially employed H2 gas to hydrogenate up to circa 70% conversion of the 2- 
butyne-1,4-diol, and then employed D2 gas to complete the reaction (H2/D2 
elevated pressure mechanism reaction, detailed in Figure 6.3.3). The fourth, is 
a reaction that initially employed D2 gas to hydrogenate up to circa 70% 
conversion of the 2-butyne-1,4-diol, and then employed Ffe gas to complete 
the reaction (D2/H2 elevated pressure mechanism reaction, detailed in Figure 
6.3.4). In Tables 6.3.3 and 6.3.4 the isotope switch is indicated by bold red 
type, in Figures 6.3.3 and 6.3.4 the isotope switch is indicated by arrows.
The H2 elevated pressure reactions that were used to try and probe the reaction 
mechanism shows the same product distribution and selectivities that have 
been previously detailed here (see Figure 6.3.1 for an example). When a D2 
elevated pressure experiment was carried out that uses only D2 gas to 
hydrogenate however (see Figure 6.3.2), the initial rate for the selective 
hydrogenation of 2-butyne-1,4-diol to cw-2-butene- 1,4-diol was not the same 
as that that was originally expected. The initial rate o f hydrogenation of for 
Figures 6.3.1 (H2), 6.3.2 (D2), 6.3.3 (H2/D2) and 6.3.4 (D2/H2) were 3.17x1 O'5, 
1.32xl0'5, 3.54x1 O'3 and 1.55xl0'3 moles/l/s/g catalyst respectively.
There seems to be a kinetic isotope effect evident in the D2 elevated pressure
reactions. The rate of hydrogenation that is observed for the D2 elevated
pressure reaction is less than half of that observed in the Ffe elevated pressure
reaction due to the use of D2 gas to hydrogenate throughout the reaction.
There also seems to be a kinetic isotope effect evident the D2/H2 elevated
pressure reaction (Figure 6.3.4), the rate of hydrogenation when the H2 was
switched in, increased to around the rate of hydrogenation that would be
observed when FI2 gas only to selectively hydrogenate the 2-butyne-1,4-diol.
The kinetic isotope effect is not as pronounced in the H2/D2 elevated pressure
reaction (Figure 6.3.3), with D2 gas only being used to complete the reaction,
the rate does not seem to significantly tail-off at the end of the reaction. This
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indicated that the rate-determining step is the hydrogen-dissociation (ties in 
with order o f reaction study) or in the cases when deuterium is initially used, 
deuterium-dissociation. This is possible because we do not see the kinetic 
isotope effect to the same extent in the H2/D2 elevated pressure reactions.
It only requires the loss o f an OH group and the addition of one H or D atom 
to form 3-buten-l-ol, cis and trans-crotyl alcohol or the precursor to iso- 
propoxytetrahydrofuran, where the initial formation of czs-2-butene-1,4-diol 
requires the addition o f two H or two D atoms. The main component to the 
reduced rate for the D2 elevated pressure reactions, and the slower initial rate 
for the D2/H2 elevated pressure reactions would seem to be the rate at which 
D2 dissociates to form D atoms on the catalyst surface.
There were initial problems to overcome with the NMR technique. 
Complex reaction solutions are not normally submitted for !H NMR analysis 
(in the low concentration ranges examined here). Ordinarily there is some 
purification o f the sample, or at least some attempt to reduce the volume of 
solvent present in the sample, before NMR analysis is attempted. Ideally a 
sample with as few components as possible, that has had its reaction solvent 
removed, and the residue that is left after the solvent has been removed is 
diluted in a suitable solvent for NMR analysis (e.g. CDCI3), is submitted for 
NMR analysis.
Unlike the previous NMR study that was conducted to confirm the presence of 
iso-propoxytetrahydrofiiran (Section 5.11), no purification of the samples 
(after the catalyst had been filtered off) was conducted. This has the benefit 
that the samples have a relatively quick turn-around as little sample 
preparation is required before they can be analysed by !H NMR (preparation 
detailed earlier), and the reaction samples are suitable to be run neat for 2D 
NMR analyses. The other major benefit is that you are dealing with a sample 
matrix that is the same as the sample taken form the filtered reaction solution 
for the 2D NMR, and a sample matrix that has only been diluted in CDCI3 for 
the !H NMR, the relationship between the relative concentrations of the 2-
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butyne- 1,4-diol (were applicable) and the reaction products have to each other 
remains unchanged.
The benefits o f  maintaining relative concentrations of the reaction products 
have to each other are manifold. It helps greatly with the assignments of both 
the NMR and 2D NMR as the quantitative information from the reaction 
profile details the NMR peaks that should be expected. The reaction profiles 
can be directly related to the NMR spectra obtained without having to worry 
about the distortion in the relative concentrations of the products in the spectra 
obtained due to excessive sample pre-treatment. There are however a number 
of drawbacks to utilising a sample that has only been diluted in CDCI3. 
Initially it was hoped that I3C NMR spectroscopy could also be carried out on 
the elevated pressure reaction mechanism samples. 13C NMR was tried, but it 
failed to produce any useful results. This was due to the dilute nature of the 
reaction solution even before the further dilution in CDCI3. This lead to 
COSY spectra that only had the peaks for propan-2-ol easily observable (and a 
very noisy I3C spectrum). This is understandable, as the maximum 
concentration of 2-butyne-1,4-diol in the reaction solution is 2% in propan-2- 
ol, before it is diluted further (1 part filtered reaction solution:4 parts CDCI3) 
in CDCI3 for the !H NMR analysis. The dilute nature of the sample solution 
also made it difficult to observe any peaks relating to cis or trans-cxoty\ 
alcohol, with only a few *H NMR (and fewer 2D NMR) spectra detailing 
clearly distinguishable peaks for these species. Added with the fact that there 
is a certain degree of overlap of the peaks with each other in both the lK  NMR 
and the 2D NMR, assignment and interpretation of the spectra for the 
relatively complex reaction solutions has not been a trivial matter.
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6.4 NMR ASSIGNMENTS FOR REACTION REAGENTS IN 
PROPAN-2-OL
In conjunction with Dr. David Rycroft a series of trial NMR spectra were 
produced to try and find a suitable protocol for sample preparation. The 
conclusion from the trial spectra was that the sample solution from the 
reaction vessel could be diluted in CDCI3 without the need for purification and 
pre-concentration for the !H NMR spectra, and that the sample solution could 
be analysed neat for the 2D NMR spectra. The sample preparation had the 
benefit of producing a solution that was easily comparable with the parent, 
filtered reaction solution. Indeed, more confidence in the NMR results can be 
derived from the fact that the relative distributions o f the reaction products 
have not been compromised, despite the complex nature of the spectra, the 
NMR assignments are detailed in Table 6.4.1 below. Standards were run in 
propan-2 -ol at the concentration range employed by the reactions for each of 
the products. The standards were compared with the Aldrich !H NMR spectra.
Table 6.4.1
Ref Proton Chemical Shift Signal
a) 2-butyne-1,4-diol 9a la 4.23 Singlet
b) cw-2-butene-1,4-diol 9b lb 4.15 Doublet
2b 5.75 triplet
c) Butane-1,4-diol 9c lc 3.61 triplet
2c 1.66 t ofd
d) Butanol 9d Id 3.61 triplet
2d 1.54 t oft
3d 1.38 t ofd
4d 0.90 triplet
e) Crotyl alcohol 9d le 4.05 doublet
2e 5.65 d oft
3e 5.65 d ofq
4e 1.70 doublet
1) 3-buten-l-ol 9e If 3.65 triplet
2f 2.33 d oft
3f 5.82 t oft
4 f 5.09 doublet
g) Iso-proproxythf 3g 1.85 d oft
4g 2.00 t oft
5g 3.75 triplet
7g 1.05 doublet
8g 5.22 triplet
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It was not possible to discriminate between cis and trans-crotyl alcohol in the 
NMR samples were run during the course of this study, due to the relatively 
low concentrations o f cis and trans-crotyl alcohol produced during the course 
o f the reaction.
The chemical shifts and assignments detailed in the assignment table where 
obtained by diluting down a 2 % solution of the reagent in propan-2 -ol to give 
sample matrix that was as close as possible to that produced during reaction. 
This 2% standard solution was then diluted further with CDCI3 (1 part 
standard solution:4 parts CDCI3) to allow the !H NMR to be run at room 
temperature. All the experimental results for the for the elevated pressure 
mechanism reactions employing *11 NMR spectra, were run by taking the 
reaction solution, filtering-off the catalyst, and diluting 1ml o f the reaction 
solution with 4ml o f CDCI3. Unlike the previous study to confirm the iso- 
propoxytetrahydrofuran, no pre-concentration or purification o f the samples 
was utilised for any o f the elevated pressure mechanism reactions.
The 2D NMR spectra were run neat, with the sample vessel requiring around 
5ml o f filtered reaction solution. The assignments for the 2D NMR spectra 
obtained from the elevated pressure mechanism reactions are based on the 
assignments for the [H NMR, with corrections made by using the chemical 
shift o f the secondary methyl groups on propan-2 -ol (1.188ppm), with the 
original as recorded spectra displayed here. The chemical shift for the 
secondary methyl groups was obtained by examining the JH NMR spectrum 
of one o f the standard solutions. The corrections were made to the 2D spectra 
by subtracting or adding the difference in ppm between the chemical shifts of 
the propan-2-ol methyl groups in the !H NMR and the propan-2-ol methyl 
groups in the 2D NMR as required, because of drift experienced with the 2D 
NMR spectrometer.
Figure 6.4.1 is a graphical summary o f the NMR assignments for the analyses 
of interest.
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Figure 6.4.1 NMR assignment graphical summary
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6.5 SUMMARY OF NMR OBTAINED FROM THE
ELEVATED PRESSURE MECHANISM REACTIONS
The [H and 2D NMR spectra that are considered here are representative 
spectra for the different elevated pressure mechanism experiments. The 
spectra represent three main time periods during the reaction profile. The first 
period that is represented by the spectra is in the initial stages of the reaction 
between 10 and 20% conversion of the 2-butyne-1,4-diol. The second period 
that is represented is between 60 and 70% conversion of the 2-butyne-1,4- 
diol, just before all the 2-butyne-1,4-diol has been hydrogenated and the onset 
o f the majority of the production of iso-propoxytetrahydrofuran, butanol, 
butane-1,4-diol cis and trans-crotyl alcohol and 3-buten-ol from the 
hydrogenation and reaction of the cw-2-butene-1,4-diol. The third period that 
is represented is at 200%, when all the reaction has been completed. There has 
however, been a number of spectra taken at differing time periods for the 
different elevated pressure mechanism reactions such as 40% conversion of 
the 2-butyne-1,4-diol (same peaks observed as in the 10,20 and 60% 
conversion spectra), 140% and 160% conversion of the butyne- 1,4-diol (both 
of which look very similar to the spectra for 2 0 0 % conversion, with the only 
addition being peaks for cw-2-butene-1,4-diol), these have been omitted 
because of their similarities to the spectra detailed here.
The H2 elevated pressure mechanism reaction (Figure 6.3.1) was carried out to 
act essentially as a blank experiment for the series of elevated pressure 
mechanism reactions. It can be thought off as a benchmark experiment, by 
which all the other elevated pressure mechanism reaction experiments in the 
series can be compared to. It was an experiment that employed only H2 gas to 
hydrogenate, following the same reaction protocols as the elevated pressure 
experiments conducted previously. Figure 6.5.1 a) is a NMR spectrum that 
corresponds to a reaction profile at which there has been 10% conversion of 
the 2-butyne-1,4-diol in a H2 elevated pressure reaction. A peak corresponding 
to the la  protons in 2-butyne-1,4-diol can be observed at 4.23ppm. Peaks 
corresponding to the lb  and 2b protons in c/s-2 -butene- 1,4-diol can be
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observed at 4.15ppm and 5.73ppm respectively. These peaks agree with what 
has been observed in the previously run spectra for the standard solutions.
Figure 6.5.1 b) is a *H NMR spectrum that is representative o f a reaction 
profile at 70% conversion of the 2-butyne-1,4-diol, employing only H2 gas to 
hydrogenate. A peak corresponding to the la  protons in 2-butyne-1,4-diol can 
be observed at 4.23ppm. Peaks corresponding to the lb  and 2b protons in cis- 
2-butene-1,4-diol can be observed at 4.15ppm and 5.73ppm respectively. At 
70% conversion o f the 2-butyne-1,4-diol, peaks corresponding to the lc and 
2c protons in butane-1,4-diol can be observed at 3.61ppm and 1.66ppm 
respectively. Peaks corresponding to the Id, 2d, 3d and 4d protons in butanol 
can be observed at 3.61ppm, 1.54ppm, 1.38ppm and 0.90ppm respectively. 
Peaks corresponding to the If, 2f, 3f and 4 f protons in 3-buten-l-ol can be 
observed at 3.65ppm, 2.33ppm, 5.82ppm and 5.09ppm respectively. Peaks 
corresponding to the 3g, 4g, 5g, 7g and 8 g protons in iso- 
propoxytetrahydrofuran can be observed at 1.85ppm, 2.00ppm, 3.75ppm, 
1.05ppm and 5.22ppm respectively. Although the reaction is at only 70% 
conversion of 2-butyne-1,4-diol (it has been stated previously that a small 
amount of formation o f the side products can be observed before all the 2 - 
butyne-1,4-diol has been completely hydrogenated), peaks for butane-1,4-diol, 
butanol, 3-buten-l-ol and iso-propoxytetrahydrofuran can be observed in the 
!H NMR spectrum is plotted at a high magnification.
Figure 6.5.1 c) is an example of a NMR spectrum that details a reaction 
that is at 200% conversion of 2-butyne-1,4-diol and has only used H2 gas to 
hydrogenate. Peaks corresponding to the lc and 2c protons in butane-1,4-diol 
can be observed at 3.61 ppm and 1.66ppm respectively. Peaks corresponding 
to the Id, 2d, 3d and 4d protons in butanol can be observed at 3.61 ppm, 
1.54ppm, 1.38ppm and 0.90ppm respectively. Peaks corresponding to the If, 
2f, 3f and 4f protons in 3-buten-l-ol can be observed at 3.61ppm. Peaks 
corresponding to the 3g, 4g, 5g, 7g and 8 g protons in iso-
propoxytetrahydrofuran can be observed at 1.85ppm, 2.00ppm, 3.75ppm, 
1.05ppm and 5.22ppm respectively.
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All the 2D NMR spectra that correspond to the JH NMR spectra for the H2 
elevated pressure mechanism reaction show the same peaks. The 2D probe 
only scans for species containing deuterium, so when H2 gas is only used to 
hydrogenate the reaction products are not visible to the 2D probe. The 2D 
NMR show only propan-2-ol, positions 1, 2 and the OD proton in the propan- 
2-ol at 3.954ppm, 1.188ppm and 4.907ppm respectively these can be seen in 
Figure 6.5.2 (with the D signals being due to natural abundance).
Figure 6.5.3 a) is a ^  NMR spectrum for the D2 elevated pressure reaction 
that details a reaction that is at 10% conversion o f 2-butyne-1,4-diol. As in the 
H2 elevated pressure reaction a peak corresponding to the la  protons in 2 - 
butyne-1,4-diol can be observed at 4.23ppm. There is also a peak 
corresponding to the lb  protons in cw-2-butene-1,4-diol that can be observed 
at 4.15ppm, the peak for the lb  protons has lost its multiplicity due to the fact 
that the positions at 2b are occupied by D atoms, this is as expected for a 
reaction using D2 gas to hydrogenate. There should be no peak at 5.73ppm 
because D atoms occupy the 2b position. There is a very small peak however, 
due to residual H2 gas in the D2, or hydrogen/deuterium exchange via the 
catalyst support.
Figure 6.5.3 b) is an example o f a NMR spectrum that is representative of 
a reaction at 60% conversion o f 2-butyne-1,4-diol, that has used only D2 gas 
to hydrogenate. A peak corresponding to the la  protons in 2-butyne-1,4-diol 
can be observed at 4.23ppm. A peak corresponding to the lb  protons in cis-2- 
butene- 1,4-diol can be observed at 4.15ppm, the peak for the lb  protons, as in 
the previous spectrum has lost its multiplicity because the positions at 2 b are 
occupied by D atoms. There should be no peak at 5.73ppm because D atoms 
occupy the 2b position, this peak is only observed due to the reasons outlined 
earlier.
Figure 6.5.3 c) is a !H NMR spectrum in Figure 6.5.3 represents a D2 elevated
pressure reaction with a 200% conversion of 2-butyne-1,4-diol. A peak
corresponding to the lc in butane-1,4-diol can be observed at 3.61 ppm. Only
peaks corresponding to positions 3d and 4d can be observed for the butanol at
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1.38ppm and 0.90ppm respectively. Peaks corresponding to the positions 3g, 
4g in iso-propoxytetrahydrofiiran are present at 1.85ppm and 2.00ppm 
respectively. The fact that peaks can be seen for positions 3g and 4g in the iso- 
propoxytetrahydrofuran is consistent with positions 3g and 4g having at least 
one D atom each. A peak corresponding to the 8 g proton in iso- 
proproxytetrahydro fiiran can be observed at 5.22ppm. Proton 8g has lost 
multiplicity due to the incorporation of D atoms into the fiiran ring. The fact 
that proton can still be observed however, means that it must originate from a 
position of a precursor species that has an H atom present and not a D atom. A 
peak for the 5g position in iso-propoxytetrahydrofuran can not be observed, to 
confirm the presence of one or more D atoms in the 5g position the 2D NMR 
spectra for this reaction will have to be examined.
Unlike in the case for the elevated pressure reaction mechanism reactions that 
employed H2 gas to hydrogenate, when D2 gas was used to hydrogenate other 
peaks apart from those that could be attributed to propan-2 -ol could also be 
seen in the 2D NMR in the spectra in Figure 6.5.4.
Figure 6.5.4 a) is a 2D NMR spectrum for the D2 elevated pressure reaction at
10% conversion of 2-butyne-1,4-diol that shows the 1, 2 and OD protons in
the propan-2-ol at 3.969ppm, 1.188ppm and 4.939ppm respectively. A peak
corresponding to the 2b protons in cA-2-butene-1,4-diol can be observed at
5.686ppm. A peak corresponding to the 2c in butane-1,4-diol can be observed
at 1.601 ppm. Peaks corresponding to the 2d, 3d and 4d protons in butanol can
be observed at, 1.585ppm, 1.363ppm and 0.902ppm respectively. Peaks
corresponding to protons 3g and 4g in iso-propoxytetrahydrofiiran can be
observed at 1.776ppm and 1.983ppm respectively. The presence of peaks for
the 3g and 4g positions in iso-propoxytetrahydrofuran indicates that there is at
least one D atom in positions 3g and 4g. The fact that products such as iso-
propoxytetrahydro fiiran can be observed at only 10% conversion of the 2 -
butyne- 1,4-diol is a testament to the sensitivity of the 2D probe (the peaks for
propan-2-ol only apparent because of natural abundance of D atoms), it also
shows that there is minor conversion o f the c/s-2-butene-1,4-diol when there is
still 2-butyne-1,4-diol present in the reaction solution. Although it is not
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possible to tell the multiplicity of the peaks in the 2D NMR spectra, it is 
possible to observe molecules containing D atoms in them at relatively low 
concentrations. The G.C. is not as sensitive as the D NMR technique when it 
comes to the detection of very low levels o f “side products”, although very 
minor amounts can be produced through the reaction of czs-2-butene-l ,4-diol, 
2-butyne-1,4-diol effectively blocks almost all o f the access to the active sites 
for c/s-2-butene- 1,4-diol until all the 2-butyne-1,4-diol has been depleted.
Figure 6.5.4 b) is a D NMR spectrum for the D2 elevated pressure reaction at 
60% conversion of 2-butyne-1,4-diol, this shows propan-2-ol, positions 1, 2 
and the OD proton in the propan-2-ol at 3.969ppm, 1.188ppm and 4.939ppm 
respectively. A peak corresponding to the 2b protons in cw-2-butene-1,4-diol 
can be observed at 5.686ppm. A peak corresponding to the 2c in butane-1,4- 
diol can be observed at 1.601ppm. Peaks corresponding to the 2d, 3d and 4d 
protons in butanol can be observed at, 1.585ppm, 1.363ppm and 0.902ppm 
respectively. Peaks corresponding to protons 3g and 4g in iso- 
propoxytetrahydrofuran can be observed at 1.776ppm and 1.983ppm 
respectively, with no peak for 5g observed. We do not observe any peak for 
proton 8g, meaning that it is not a D atom. This spectrum correspond to 60% 
reaction o f the 2-butyne-1,4-diol.
Figure 6.5.4 c) is a 2D NMR spectrum for the D2 elevated pressure reaction at 
200% conversion of 2-butyne-1,4-diol, this shows propan-2-ol, 1, 2 and OD 
protons in the propan-2-ol at 3.954ppm, 1.188ppm and 4.854ppm 
respectively. A peak corresponding to the 2c in butane-1,4-diol can be 
observed at 1.585ppm. . Peaks corresponding to the 2d, 3d and 4d protons in 
butanol can be observed at, 1.585ppm, 1.363ppm and 0.902ppm respectively. 
Peaks corresponding to protons 3g and 4g in iso-propoxytetrahydrofuran can 
be observed at 1.824ppm and 1.967ppm respectively, with no peak for 5g 
easily discernible. Again we do not observe any peak for proton 8g in the iso- 
propoxytetrahydrofuran. The lack of a peaks in Figure 6.5.4 b) and 6.5.4 c) in 
the 5g and 8g positions of iso-propoxytetrahydrofuran means that there is no 
D atom in either of these positions. This has implications for the reaction 
mechanism.
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The H2/D2 elevated pressure reaction was conducted with H2 being used to 
hydrogenate up to circa 70% reaction, then the hydrogenation was allowed to 
continue to 200% using D2. The D2/H2 elevated pressure reaction was 
conducted with D2 being used to hydrogenate up to circa 70% reaction, then 
the hydrogenation was allowed to continue to 200% using H2. The 10% and 
70% spectra for the H2/D2 elevated pressure reaction have been omitted here 
because they are essentially the same as the spectra for the H2 elevated 
pressure reaction. The 10% and 70% spectra for the D2/H2 elevated pressure 
reaction have also been omitted here because they are essentially the same as 
the spectra for the D2 elevated pressure reaction.
Figure 6.5.5 a) is a NMR spectrum that represents 200% conversion o f the
2-butyne-1,4-diol for a H2/D2 elevated pressure reaction, peaks corresponding 
to the lc  and 2c protons in butane- 1,4-diol can be observed at 3.61 ppm and 
1.66ppm respectively. Peaks corresponding to the Id, 2d, 3d and 4d protons in 
butanol can be observed at 3.61ppm, 1.54ppm, 1.38ppm and 0.90ppm 
respectively. Peaks corresponding to the 3g, 4g, 5g, 7g and Sg protons in iso- 
propoxytetrahydrofuran can be observed at 1.85ppm, 2.00ppm, 3.75ppm, 
1.05ppm and 5.22ppm respectively. There appears to be no loss in multiplicity 
in the 8g proton unlike in other reactions that only use D2 gas to hydrogenate.
Figure 6.5.5 b) !H NMR spectrum that represents 200% conversion o f 2- 
butyne- 1,4-diol for a D2/H2 elevated pressure reaction, peaks corresponding to 
the lc  and 2c protons in butane-1,4-diol can be observed at 3.61ppm and 
1.66ppm respectively. Peaks corresponding to the Id, 2d, 3d and 4d protons in 
butanol can be observed at 3.61ppm, 1.54ppm, 1.38ppm and 0.90ppm 
respectively. A Peak corresponding to the I f  protons in 3-buten-l-ol can be 
observed at 3.61ppm. Peaks corresponding to the 3g, 4g, 5g, 7g and 8g 
protons in iso-propoxytetrahydrofiiran can be observed at 1.85ppm, 2.00ppm, 
3.75ppm, 1.05ppm and 5.22ppm respectively. There appears to be loss in 
multiplicity in the 8g proton like in other reactions that only use D2 gas to 
hydrogenate, but it must be noted that the resolution for this spectrum is poor, 
due to instrumentation problems.
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Figure 6.5.6 a) is a 2D NMR spectrum that represents 200% conversion of 2- 
butyne-1,4-diol for a H2/D2 elevated pressure reaction that shows propan-2-ol, 
positions 1, 2 and the OD proton in the propan-2-ol at 3.955ppm, 1.188ppm 
and 4.920ppm respectively. A peak corresponding to the 2c in butane-1,4-diol 
can be observed at 1.628ppm. . Peaks corresponding to the 2d, 3d and 4d 
protons in butanol can be observed at, 1.628ppm, 1.395ppm and 0.994ppm 
respectively. Peaks corresponding to protons 3g and 4g in iso- 
propoxytetrahydrofuran can be observed at 1.846ppm and 2.03 8ppm 
respectively. This represents 200% conversion of 2-butyne-1,4-diol in the 
H2/D2 elevated pressure mechanism reaction.
Figure 6.5.6 b) is a 2D NMR spectrum that represents 200% conversion of 2- 
butyne-1,4-diol for a D2/H2 that shows propan-2-ol, 1, 2 and OD protons in 
the propan-2-ol at 3.955ppm, 1.188ppm and 4.920ppm respectively. A peak 
corresponding to the 2c in butane-1,4-diol can be observed at 1.623ppm. . 
Peaks corresponding to the 2d, 3d and 4d protons in butanol can be observed 
at, 1.623ppm, 1.395ppm and 0.942ppm respectively. Peaks corresponding to 
protons 3g and 4g in iso-propoxytetrahydrofiiran can be observed at 1.846ppm 
and 1.991 ppm respectively.
The H2/D2 and D2/H2 elevated pressure reactions did not produce spectra for 
the 200% conversion o f 2-butyne-1,4-diol samples that were initially 
anticipated. For the 200% conversion of 2-butyne-1,4-diol, the ^  NMR and 
2D NMR spectra for both the H2/D2 elevated pressure reaction and D2/H2 
elevated pressure reaction are not clearly distinguishable from each other.
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Figure 6.5.1 !H spectra for H2 elevated pressure reaction
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Figure 6.5.2 D spectra for FI2 elevated pressure reaction
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Figure 6.5.3 !H spectra for D2 elevated pressure reaction
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• 9Figure 6.5.4 D spectra for D2 elevated pressure reaction
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Figure 6.5.5 lH spectra for H2/D2 and D2/H2 elevated pressure reactions
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Figure 6.5.6 D spectra for H2/D2 and D2/H2 elevated pressure
reactions
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6.6 SUMMARY OF MASS-SPECTRA DATA FROM THE
ELEVATED PRESSURE MECHANISM REACTIONS
To help try and reinforce the observations made from the elevated pressure 
mechanism reactions when utilising 2D NMR and ]H NMR spectral, it was 
decided to analyse samples from the elevated pressure mechanism series o f 
experiments using GC-MS. The use of D2 gas in most of the elevated pressure 
mechanism experiments, either for complete hydrogenation or for part 
hydrogenation of the reaction, should be detectable by a gain in mass for the 
species that have D atom(s) incorporated into them, using GC-MS analysis. 
GC-MS analysis can also be used to try to confirm how many D atoms are 
present in the 3g, 4g and 5g positions in iso-propoxytetrahydrofiiran. If  there 
are three D atoms present in iso-propoxytetrahydrofuran, then from the 
previous NMR and 2D NMR spectra they are very likely to be in the 3g 
and 4g (two D atoms) of the iso-propoxytetrahydrofuran respectively. The 
spectra displayed are representative spectra for the different elevated pressure 
reactions conducted for this chapter. All the mass-spectra in this section are 
representative of reaction products at 200% conversion.
Figure 6.6.1 shows the mass-spectra taken from the four different elevated 
pressure reaction types. The spectra are what would be expected for 2-butyne-
1,4-diol, with the spectra agreeing with the standard spectra from the 
computer based mass-spectra reference library. There is no evidence in any of 
the spectra that any of the 2-butyne-1,4-diol reagent in any o f the elevated 
pressure mechanism reactions has undergone exchange of their la  protons 
with deuterium.
Figure 6.6.2 displays a mass-spectrum for m-2-butene-1,4-diol taken from the 
four main types of elevated pressure reactions. Figure 6.6.2 a) is a mass- 
spectrum for cw-2-butene-1,4-diol from the H2 elevated pressure reaction, it 
agrees with the standard spectrum from the computer based mass-spectra 
reference library. Figure 6.6.2 b) displays a typical mass-spectrum for cis-2- 
butene- 1,4-diol taken from the D2 elevated pressure mechanism. The main
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differences between this spectrum and Figure 6.6.2 a) is that mass 59, 71 and 
72 have replaced mass 57, 69 and 70 respectively. This increase in the mass 
for the fragments ties into the two 2b protons in cf.s-2-butene-1,4-diol being 
deuterium atoms instead of hydrogen atoms, because the 2-butyne-1,4-diol is 
being selectively hydrogenated with D2 gas rather than H2 gas as it is in the H2 
elevated pressure mechanism experiment. Figure 6.6.2 d) displays a mass- 
spectrum for cw-2-butene-1,4-diol taken from a D2/H2 elevated pressure 
mechanism reaction. Again mass 57, 69 and 70 have been replaced with 59, 
71 and 72. This as in the previous spectrum on the top of the page, shows that 
the species present at 2b are D instead of H from the selective hydrogenation 
of 2-butyne-1,4-diol with D2 gas. For any of the reactions that employed D2 
gas to hydrogenate, either initially or throughout the course of the reaction, 
there is no evidence o f the cw-2-butene-1,4-diol gaining any more than two D 
atoms, i.e. there is no complex exchange of protons.
Figure 6.6.2 c) is a mass-spectrum for cw-2-butene-1,4-diol taken from the 
H2/D2 elevated pressure reaction. The splitting pattern for the spectrum is 
almost identical to that for the H2 elevated pressure reaction, indicating that 
when the 2-butyne-1,4-diol gain two protons or two deuterium atoms to 
become cw-2-butene-1,4-diol, the atoms it gains are the ones it keeps even 
after the switching in of the other isotope in the mixed isotope experiments. 
In other words, hydrogen addition occurs in a discrete forward manner. There 
is no molecular ion present in any of the c/s-2-butene-1,4-diol spectra 
detailed, although this may be overcome be expanding the range o f available 
masses displayed on the x-axis scale.
Figure 6.6.3 a) displays a mass-spectrum for butane-1,4-diol taken from a H2
elevated pressure reaction. The spectrum for butane-1,4-diol agrees with the
spectrum from the computer based mass-spectra reference library . Figure
6.6.3 b) displays a mass-spectrum for butane-1,4-diol taken from a D2
elevated pressure reaction. The main differences between this spectrum and
the previous spectrum displayed are that mass 57 and 71 have been replaced
with mass 60 and 75 respectively. This is consistent with the 2c positions in
the butane-1,4-diol having four D atoms instead o f four H atoms. Four H
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atoms at the 2c position would be consistent with the selective hydrogenation 
of 2-butyne-1,2-diol to butane-1,4-diol using H2 gas. The four D atoms at the 
2c positions are consistent with the selective hydrogenation of 2-butyne-1,4- 
diol to butane-1,4-diol (going through cw-2-butene-1,4-diol) using D2 gas.
Figure 6.6.3 c) displays a mass-spectrum for butane-1,4-diol taken from a 
H2/D2 elevated pressure mechanism reaction. Unlike the previous spectrum, 
the spectrum does not detail butane-1,4-diol as being fully D atoms in the 2c 
positions. In this spectrum there is evidence of one (mass 58 and 72), two 
(mass 59 and 73), three (mass 60 and 74), four (mass 61 and 75) and zero 
(mass 57 and 71) D atoms in the 2c positions. This is consistent with the H2 
gas being switched to D2 gas for the end of the H2/D2 elevated pressure 
mechanism reaction, leading to a variety of numbers o f D atoms in the 2c 
positions. Figure 6.6.3 d) displays a mass-spectrum for butane-1,4-diol taken 
from a D2/H2 elevated pressure reaction. This spectrum differs again from the 
Figure 6.6.3 c). There is evidence in this spectrum of one (mass 58), two 
(mass 59 and 73), three (mass 60 and 74) and four (mass 75) D atoms at the 2c 
positions. This is consistent with the D2 gas being switched to H2 gas for the 
end o f the D2/H2 elevated pressure mechanism reaction, leading to a variety of 
numbers of D atoms in the 2c positions. The spread of numbers of D atoms 
present in the butane-1,4-diol spectra helps illustrate that there is a possibility 
of there being residual H2 left in the H2/D2 elevated pressure mechanism 
reaction, and residual D2 left in the D2/H2 elevated pressure mechanism 
reaction, after the switching of the isotopes (either in the reaction solution or 
on the catalyst surface).
It is not however conclusive evidence of scrambling (more evidence is
required), although scrambling seems likely. It is possible however, that the
main factor for the spread o f masses in the two experiments is because the
reaction products are derived from c/s-2-butene- 1,4-diol, and the fact that the
isotopes have been switched before the complete formation of cw-2-butene-
1,4-diol. There seems to be a degree o f reversibility in the reaction pathways.
We see a single pathway up to cw-2-butene-1,4-diol, implying a forward
irreversible pathway up to c/s-2-butene- 1,4-diol, when cis-2-butene-1,4-diol is
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re-adsorbed onto the catalyst and forms the other products, it seems that some 
degree of reversibility in the reaction pathways can occur. There is no 
molecular ion present in any of the butane-1,4-diol spectra detailed, for the 
same reasons as detailed before.
Figure 6.6.4 a) displays a mass-spectrum for butanol taken from a Ffe elevated 
pressure reaction, the spectrum agrees with the computer based mass-spectra 
reference library. Figure 6.6.4 b) displays a mass-spectrum for butanol taken 
from the H2/D2 pressure mechanism reaction. The main differences between 
this spectrum and Figure 6.6.4 a) are the spread of masses around mass 45 and 
56. It is clear form this spectrum that butanol can be produced from a number 
o f sources during the course o f the selective hydrogenation o f 2-butyne-1,4- 
diol, if  it is allowed to carry onto 200% (i.e. full) conversion. Masses 44, 46 
and 59 indicate that the three D atom form of butanol is the most common for 
this type of reaction set-up. We can also observe the one (mass 41, 44, 46 and 
57), two (mass 43, 45, 47 and 58) and the four (mass 45, 47 and 49) D atoms 
in the butanol backbone. There is also the possibility of five and six D atoms 
in the butanol backbone. The multiple possible sources of butanol from the 
various reaction pathways coupled with the fact that the H2 gas was switched 
to D2 gas for the end of the H2/D2 elevated pressure reaction allow for the 
many forms of butanol observed (due to scrambling). This is further evidence 
of reversible reaction steps that exist from cw-2-butene-1,4-diol onwards.
Figure 6.6.4 c) displays a mass-spectrum for butanol taken from the D2/H2
elevated pressure reaction. The main differences between this spectrum and
Figure 6.6.4 a) are the spread o f masses around mass 45 and 56 again. It is
clear form this spectrum that butanol can be produced from a number of
sources during the course of the selective hydrogenation of 2-butyne-1,4-diol,
if it is allowed to carry onto 200% (i.e. full) conversion. Masses 44, 46 and 59
indicate that the three D atom form of butanol is the most common for this
type o f reaction set-up. We can also observe the one (mass 41, 44, 46 and 57),
two (mass 43, 45, 47 and 58) and the four (mass 45, 47 and 49) D atoms in the
butanol backbone. There is also the possibility o f five and six D atoms in the
butanol backbone. The multiple possible sources of butanol from the various
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reaction pathways coupled with the fact that the D2 gas was switched to H2 
gas for the end of the D2/H2 elevated pressure reaction allow for the many 
forms of butanol observed. As in the previous spectrum it is difficult to fully 
quantify the amounts of the different butanol species present because o f the 
number of possibilities for different species and the amount o f spectral 
overlap. As before, there is no molecular ion present in any o f the butanol 
spectra detailed.
Figure 6.6.5 a) displays a mass-spectrum for cw-crotyl alcohol taken from the 
H2 elevated pressure reaction. The spectrum for cfs-crotyl alcohol agrees with 
the standard spectrum from the computer based mass-spectra reference 
library. There are no other mass-spectra for czs-crotyl alcohol available in the 
experimental data obtained due to the low levels of it produced during the 
reaction, and the amount left at 200% conversion. Figure 6.6.5 d) displays a 
mass-spectrum for trans-orotyl alcohol taken from the H2 elevated pressure 
reaction. The spectrum for trans-crotyl alcohol agrees the standard spectrum 
from the computer based mass-spectra reference library. There are no other 
mass-spectra for trans-crotyl alcohol available for the same reasons as for cis- 
crotyl alcohol.
Figure 6.6.5 a) displays a mass-spectrum for 3-buten-l-ol taken from Ffe 
elevated pressure mechanism reaction. The spectrum for 3-buten-l-ol agrees 
with the standard spectrum from the computer based mass-spectra reference 
library. Figure 6.6.5 b) displays a mass-spectrum for 3-buten-l-ol taken from 
D2 elevated pressure mechanism reaction. The spectrum shows mass 53, 71 
and 72 being replaced with mass 57, 74 and 75 respectively, indicating that 
the 3-buten-l-ol has three D atoms in the backbone. Mass 57 has been 
replaced with mass 59 which would indicate two D atoms in the 3-butene-l-ol 
backbone after it has been broken down in the MS. This spectrum is consistent 
with iso-proproxytetrahydrofiiran having three D atoms between positions 3g 
and 4g (two in position 4g). There are no other mass-spectra for 3-buten-l-ol 
available in the experimental data obtained due to the low levels o f  it 
produced during the reaction, and the amount left at 200% conversion.
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Figure 6.6.6 a) displays a mass-spectrum for iso-propoxytetrahydrofuran taken 
from a H2 elevated pressure mechanism reaction. The spectrum for iso- 
propoxytetrahydrofuran agrees with what has been observed in previous 
investigations. Figure 6.6.6 b) displays a mass-spectrum for iso- 
propoxytetrahydrofuran taken from a D2 elevated pressure mechanism 
reaction. The main differences with the spectrum and the one displayed 
previously are that mass 71, 88, 115 and 130 have been replaced with 74, 91, 
118 and 133 respectively. This increase in mass is consistent with there being 
three D atoms on the furan ring. The other masses that appear in the spectrum 
are a consequence of the pathways available to the formation of iso- 
propoxytetrahydrofuran (e.g. cis and trans-crotyl alcohol going through a 
central intermediate as proposed in the reaction mechanism and the possibility 
o f isomerisation between 3-buten-l-ol and cis and trans-crotyl alcohol). This 
shows some degree of reversibility in the reaction pathways.
Figure 6.6.6 c) displays a mass-spectrum for iso-propoxytetrahydrofuran taken 
from the H2/D2 elevated pressure reaction. In this spectrum mass 71 is joined 
by mass 72 (as the second most populated state of furan ring), mass 115 is 
joined by mass 116 (with the abundance of mass 116 being greater). The main 
form o f furan ring that is observed in the reaction is one with one D atom 
incorporated. Again the other masses that appear in the spectrum are a 
consequence o f the pathways available to the formation of iso- 
propoxytetrahydrofuran (e.g. cis and trans-crotyl alcohol going through a 
central intermediate as proposed in the reaction mechanism). The other 
possible routes for the formation of iso-propoxytetrahydrofuran coupled with 
that fact the H2 gas was switched to D2 gas for the end of the H2/D2 elevated 
pressure mechanism reaction allow for the forms of iso- 
propoxytetrahydrofuran observed. The switch illustrates that the path from 2- 
butyne-1,4-diol to cw-2-butene-1,4-diol is one way, the reaction intermediate 
that is required to form iso-propoxytetrahydrofuran only gains another 
hydrogen atom after it is formed from c/s-2-butene- 1,4-diol.
Figure 6.6.6 d) displays a mass-spectrum for iso-propoxytetrahydrofuran
taken from a D2/H2 elevated pressure reaction. In this spectrum mass 71 is
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greater than mass 73 (as the second most populated state of furan ring), mass 
115 is replaced by mass 117, when compared to Figure 6.6.6 b) for the H2/D2 
elevated reaction for iso-propoxytetrahydrofiiran, it shows that two hydrogen 
atoms are added to 2-butyne-1,4-diol to from c/s-2-butene-1,4-diol. The main 
form of furan ring that is observed in the reaction is one with two D atoms 
incorporated. Again the other masses that appear in the spectrum are a 
consequence o f the pathways available to the formation o f iso- 
propoxytetrahydrofuran (e.g. cis and trans-crotyl alcohol likely to be going 
through a central intermediate as proposed in the reaction mechanism).
The switching of the different isotopes of hydrogen during the course of the 
reaction helps to highlight the differing pathways available for the formation 
of iso-propoxytetrahydrofiiran and confirm that there should be common 
reaction intermediate(s) that can explain the selectivities and product yields 
formed during the reaction process.
It has been previously stated that 3-buten-l-ol is the precursor to the formation 
of iso-proproxytetrahydro furan, the intermediate associated with 3-buten-l-ol 
can have one proton added and then, in the presence of propan-2-ol go onto 
form iso-propoxytetrahydrofiiran. The source of this proton is determined by 
whether or not H2 gas or D2 gas has been used to hydrogenate the reaction or a 
mixture of both has been employed. In a reaction that only uses H2 gas to 
hydrogenate the mass-spectra would be expected to show a peak at mass 71 
associated with the fiiran ring component of the iso-propoxytetrahydrofiiran. 
In a reaction that only uses D2 gas to hydrogenate the mass-spectra would be 
expected to show a peak at mass 74 associated with the fiiran ring component 
of the iso-propoxytetrahydrofiiran. This illustrates that three D atoms in 
positions 3g, 4g and 5g of the fiiran ring, the spread of masses around mass 74 
are indicative of the many reaction pathways available in the reaction 
mechanism.
For a reaction that has employed Ffe gas to hydrogenate, up to the point where 
most of the c/s-2-butene- 1,4-diol has been formed, and then the gas has been
switched to D2, it is expected that a peak at mass 72 would replace the peak at
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mass 71. Even though the iso-propoxytetrahydrofuran still consists of the 
same number atoms as before, the gain o f one D atom is required on the 3- 
buten-l-ol intermediate to produce iso-propoxytetrahydrofuran, the 
intermediate having no D atoms present, because it was derived from cis-2- 
butene-1,4-diol with no deuterium atoms present in its structure. For a 
reaction that has employed D2 gas to hydrogenate, up to the point where most 
of the czs-2-butene-1,4-diol has been formed, and then the gas has been 
switched to H2, it is expected that a peak at mass 73 would replace the peak at 
mass 71. Even though the iso-propoxytetrahydrofiiran still consists of the 
same number atoms as before, the gain o f one H atom is required on the 3- 
buten-l-ol intermediate to produce iso-propoxytetrahydrofuran, the 
intermediate having two D atoms present, because it was derived from cis-2- 
butene-1,4-diol with two deuterium present in its structure. The reactions that 
used both H2 gas and D2 gas to hydrogenate, help bring into focus the 
probable form of the reaction mechanism.
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6.6.1 SUMMARY FOR SECTION 6.5 AND 6.6.
• lH and 2D NMR in combination with isotope switching have 
successfully been used to follow the reaction to completion.
1
• H and D NMR confirm that D atoms can be added consecutively to 
the adsorbed 2-butyne-1,4-diol species.
• With the use of GC-MS, it is possible to determine the exact amount o f 
H and or D atoms present in the reaction species at any time 
throughout the reaction.
• There are only three D atoms gained to form iso- 
propoxytetrahydrofuran in total when D2 gas is used throughout the 
reaction. Two of which come from the initial hydrogenation o f the 
adsorbed C-4 species, there is evidence of a concerted ring closure to 
form iso-propoxytetrahydrofiiran.
• The reaction steps from the adsorbed 2-butyne-1,4-diol species to the 
adsorbed cw-2-butene-1,4-diol species are essentially in one direction. 
There is no evidence of any non-surface bound deuterated 2-butyne-
1,4-diol.
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6.6.2 REACTION MECHANISM
All the reactions that have been detailed in this chapter, and indeed in this 
entire study, point towards the possibility of an overall reaction mechanism 
being able to explain the trends observed during the reactions. The 
experiments detailed in this chapter endeavour to probe the possible reaction 
pathways by the combination of targeted and 2D isotope switching using 
both NMR and GC-MS analysis. The purpose of these experiments was to 
attempt to develop the existing reaction scheme into a plausible reaction 
mechanism through the elucidation of reaction pathways.
By taking into account these observations and those observed from 
experiments detailed in previous chapters it has been possible to condense the 
observed reaction profiles into an overall plausible reaction mechanism. 
Figure 6.6.2 shows a condensed format for the overall reaction mechanism. 
Exploded views of the reaction mechanism are detailed in Section 6.7. It is 
better to view the overall mechanism initially before examining the exploded 
views in more detail.
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Figure 6.6.2 Summarised reaction mechanism
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6.7 EXPLAINATION FOR POSTULATED REACTION 
MECHANISM
The best way to try to explain the reaction mechanism is to split it into four 
separate figures. To this end, Figures 6.7.2, 6.7.3, 6.7.4 and 6.7.5 have an 
exploded representation of the overall reaction mechanism. All the reaction 
mechanism figures in this section have the same common backbone. The basic 
structure of the mechanism is based on work conducted in our laboratories on 
2-butyne hydrogenation employing a 1% Pd/Si02 catalyst [10], and work 
published in the literature on «-butene hydrogenation and isomerisation [11].
In reaction mechanism Figure 6.7.2 the first thing that should be considered is 
2-butyne-1,4-diol. 2-butyne-1,4-diol has to be adsorbed onto the catalyst 
surface. The most likely route for this to occur is through a 2,3 di-a/71 bound 
2-butyne-1,4-diol species. To do this 2-butyne-1,4-diol must undergo a change 
from sp hybridisation to sp2 hybridisation, i.e. the triple bonded 2-butyne-1,4- 
diol changes to something nearer a double bonded 2-butyne-1,4-diol species 
so that it can be adsorbed on to an active site on the catalyst surface in a di- 
<j/n bound type manner.
There are no literature studies that deal with the adsorption of 2-butyne-1,4- 
diol on a supported palladium catalyst or single palladium crystal. There are a 
few metal single crystal studies that examine the form of the adsorption of 2- 
butyne though, on Cu(l 11) [12, 13], Ni(l 11) [14] and Pt (111) [15, 16]. More 
interestingly work carried out on a Pd(100) confirms that a 2,3-di-a/71 bound 
2-butyne species is possible with reflection absorption infrared spectroscopy 
[17]. Kennedy proposed a 2,3-di-a/71 bound 2-butyne species [10], detailed in 
Figure 6.7.1 below, after comparing his IR assignments with Chesters’ et al 
[15].
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Figure 6.7.1 Proposed structure for 2,3-di-a/71 bound 2-butyne
c i - k
/
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If 2-butyne can be adsorbed onto the surface o f the catalyst in a 2,3-di-a/71; 
bound species, then it is likely that 2-butyne-1,4-diol will adsorb in a similar 
manner as detailed in the reaction mechanism Figures 6.7.2, 6.7.3, 6.7.4 and
Once the 2-butyne-1,4-diol is adsorbed, the next stage in the reaction 
mechanism is for 2-butyne-1,4-diol (ads) to gain a hydrogen atom to become 
the half hydrogenated state o f 2-butyne-1,4-diol (through syn-addition of a 
hydrogen atom). With the gain of another hydrogen atom through syn- 
addition from the catalyst surface, the half hydrogenated 2-butyne-1,4-diol 
becomes cw-2-butyne- 1,4-diol (ads). The cw-2-butene-1,4-diol (ads) species 
can then desorb from the catalyst. This describes the common backbone that is 
present in all of the reaction mechanism Figures in this section. We can 
consider this process to be one way from 2-butyne-1,4-diol to cw-2-butene-
1,4-diol. There is no evidence in any of the reactions that have been detailed 
in this thesis that c/s-2-butene-1,4-diol can be converted back to 2-butyne-1,4- 
diol on the catalyst surface. More importantly however, is the fact that there is 
no significant hydrogenation of cw-2-butene-1,4-diol when there is still 2- 
butyne- 1,4-diol present in the reaction solution. The NMR, GC-MS data from 
this chapter support the fact that 2-butyne-1,4-diol is converted irreversibly to 
cw-2-butene-1,4-diol during the first stage of the reaction.
The reason for the double arrow in Figure 6.7.2 between m-2-butene-1,4-diol 
(ads) and cw-2-butene-1,4-diol, is to show that the m-2-butene-1,4-diol that is 
formed during the course of the reaction can be re-adsorbed onto the catalyst 
surface, after all the 2-butyne-1,4-diol has been hydrogenated. All the “side 
products” come from cw-2-butene-1,4-diol, rather than straight from 2- 
butyne-1,4-diol as shown by the reactions in Sections 5.2, 5.3, 5.6, 5.7 and
6.7.5.
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6.3, where we see little of the “side products” while there is still 2-butyne-
1,4-diol present in the reaction solution.
Once adsorbed onto the catalyst the cz's-2-butene-1,4-dio 1 can go through a 
similar series of steps to form butane-1,4-diol {i.e. syn-addition of hydrogen 
atoms). The cw-2-butene-1,4-diol first becomes cw-2-butene-1,4-diol (ads) 
(bound in a 2 ,3 -di-a/7i type species), then it gains a hydrogen atom, before 
gaining another hydrogen atom and desorbing form the catalyst as butane-1,4- 
diol.
The other reaction pathway that is detailed on Figure 6.7.2 is the formation of
2-butyne-l-ol form 2-butyne-1,4-diol. The formation of 2-butyne-l-ol has 
only been observed when the 1 % PCI/AI2 O3 (chloride precursor) catalyst has 
been employed. 2 -butyne-l-ol is likely to originate form the half 
hydrogenated state of 2-butyne-1,4-diol. With the loss of a hydroxyl group 
and the gain o f a hydrogen atom, 2 -butyne-l-ol can be produced.
The main purpose of reaction Figure 6.7.3 is to detail the possible formation 
of cis and trans-crotyl alcohol and 3-buten-l-ol. The formation of the 
aforementioned products can be traced to the adsorbed c/s-2-butene- 1,4-diol. 
C/s-2-butene- 1,4-diol (ads) through the loss of an hydroxyl group, can go on 
to form one of the reaction intermediates labelled 1,2 and 3. Intermediates 1,2 
and 3 can be considered as a central hub through which most of the observed 
reaction products can be formed. We have evidence from the reactions carried 
out in Section 5.2, but more importantly the reactions conducted for Section 
5 . 8  that it is possible for the isomerisation between cis and trans-crotyl 
alcohol and 3-buten-ol to occur. The isomerisations occur through inter­
conversions of the adsorbed intermediate states. There is literature evidence 
that states that noble metals can cause the isomerisation [1 1 , 18] of adsorbed 
species and the double bond migration that is required for the formation of 3- 
buten-ol. Intermediates 1,2 and 3 can gain another hydrogen atom to form cis- 
crotyl alcohol, /r<ms-crotyl alcohol and 3-buten-l-ol respectively.
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The purpose o f Figure 6.7.4 is to outline some of the possible routes to the 
formation of butanol through intermediates 1,2 and 3. The GC-MS data for 
butanol with the D2 /H2  reactions shows that a butanol molecule can have up to 
six deuterium within it (Figure 6.6.4 b)), the range of other masses in the 
spectra illustrate that scrambling of the deuterium/hydrogen atoms can occur. 
One possible mechanism for the scrambling of the deuterium within butanol is 
the isomerisation and inter-conversion of the reaction intermediates 1,2 and 3. 
With the of the other hydroxyl group, reaction intermediates 1,2 and 3 can go 
on to form butane and butene, the cause o f the mass imbalance for the 
reactions that employ the 1% Pd/C catalyst with propan-2-ol. Interestingly 
with the reaction that were conducted with the mono-substituted alkynes and
3-buten-l-ol with the 1% Pd/C catalyst, the mass balance was more complete 
than the other reactions that employed the 1% Pd/C catalyst and propan-2-ol 
as the reaction solvent. The fact that the mono-substituted and 3-buten-l-ol 
reaction have a more complete mass balance, would suggest that when the 
starting material is a diol the loss of the second hydroxyl group for the 
intermediates 1,2 and 3 are more likely. This may be due to a slight 
conformational change when the intermediates are derived from the mono­
substituted and 3-buten-l-ol.
Like the other reaction mechanism figures, Figure 6.7.5 has the same 
backbone, from 2-butyne-1,4-diol through to czs-2-butene-1,4-diol. The main 
purpose of Figure 6.7.5 is to try and explain the formation of iso- 
propoxytetrahydrofiiran and its “sister” products hydroxy-tetrahydrofiiran and
1-(2-propanyloxy)-butan-l-ol. Hydroxy-tetrahydrofiiran is produced in small 
amounts when distilled water was employed as the reaction solvent instead of 
propan-2-ol with the 1% Pd/C catalyst (Section 5.10). It is produced in larger 
amounts in the reaction that employs the 1 % Pd/A^C^ catalyst (nitrate 
precursor), but is consumed during the course o f the reaction and converted to 
iso-propoxytetrahydrofuran. l-(2 -propanyloxy)-butan-l-ol is produced in the 
elevated pressure reactions in Section 5.2, and in the mono-substituted alcohol 
reactions in Section 5.8. It is not possible for any of the mono-substituted 
alcohols to produce iso-propoxytetrahydrofuran, the diol functionality o f cis-
2-butene-1,4-diol is required so that a concerted ring closure can occur to
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form iso-propoxytetrahydrofuran, this may be because o f a slight 
conformational change in the intermediates derived form the mono-substituted 
alcohol reactions detailed in Section 5.8.
With the gain of a hydrogen atom reaction intermediate 3 can go onto form 
reaction intermediate 4. Reaction intermediate 4 is the intermediate that is 
required to react with the surface bound propoxy group to form iso- 
propoxytetrahydrofuran through a concerted ring closure. When distilled 
water was employed as the reaction solvent, there was no adsorbed propan-2 - 
ol species to form iso-propoxytetrahydrofuran. Therefore, reaction 
intermediate species 4 goes through a concerted ring closure with surface 
bound hydroxyl groups to for hydroxytetra-hydrofiiran (Section 5.11). When 
the 1 % PCI/AI2 O3 (nitrate precursor) catalyst was employed, the hydroxyl 
groups are supplied by the AI2 O3 support (Figure 5.7.2), the process of 
concerted ring closure to form hydroxy-tetrahydrofuran will be similar to that 
involved when distilled water was employed as the reaction solvent. When 
butanol was employed as the reaction solvent then butoxy-tetrahydrofiiran is 
produced (Section 5.11). Through the used of different solvents, it is possible 
to invoke a different solvent interaction to produce a different substituted 
furan.
Employing different solvents and different catalysts can have a profound
effect on the reaction profiles and final product distributions that are obtained.
If we consider typical ambient pressure reactions, one that employed propan-
2 -ol and one that employed distilled water as the reaction solvent, we can see
that the change in reaction solvent from propan-2 -ol to distilled water has
halved the rate of hydrogenation (Figures 5.2.1 and 5.11.1 respectively). The
reduced rate of hydrogenation when distilled water was employed is due to the
competition for active sites on the catalyst surface between 2-butyne-1,4-diol
and the distilled water, the distilled water hampers the rate of hydrogenation
(Section 5.11). Adsorbed water also narrows the range of possible products
that are observed in the final reaction profile. Reaction intermediates 1,2 and 3
are almost fully blocked from formation, leading to a narrower range of
products in the final product distribution, and an effectively complete mass
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balance, because no butane and butene can be formed. Reaction intermediates 
1,2 and 3 are required for substituted furan formation, and distilled water 
largely prevents their formation, this can account for the small amounts of 
hydroxy-tetrahydrofuran that are produced when distilled water is employed 
with the 1% Pd/C catalyst.
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Chapter Seven 
CONCLUSIONS
7.1 The nature of palladium catalysts
i) BET studies show that the total surface areas for the catalysts change 
little from the original support.
ii) The dispersions for the 1% Pd/A^Ch catalysts produced at Glasgow are 
considerably higher than the 1% Pd/C catalyst produced and supplied by 
Synetix
iii) The two 1% PCI/AI2 O3 catalysts have considerably smaller metal particle 
sizes as determined by CO chemisorption and EM.
7.2 Ambient and elevated pressure reactions employing the 1% 
Pd/C catalyst
i) The ambient and elevated pressure batch slurry reactors were found 
suitable for the selective hydrogenation of 2-butyne-1,4-diol. The 
reaction could be used as a benchmark experiment to compare with other 
catalysts and reagents. The progress of the reaction could be followed by 
GC.
ii) The final product distributions for the elevated and ambient pressure 
reaction vessels were found to be essentially the same. The only 
exception to this was the production of l-(2 -propanyloxy)-butan-l-ol in 
the elevated pressure reaction vessel.
iii) Iso-propoxytetrahydrofuran was a major product in the final product 
distribution for both the ambient and elevated pressure reaction vessels 
that was unexpected. The only possible source for iso- 
propoxytetrahydrofuran was a solvent interaction. A similar mechanism 
can be attributed to the formation of l-(2-propanyloxy)-butan-l-ol. The
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formation of l-(2-propanyloxy)-butan-l-ol can probably be attributed to 
the increased H concentration on the catalyst surface.
iv) There is little hydrogenation of ds-2-butene-1,4-diol when there is still 
2-butyne-1,4-diol present in the reaction vessel. The “side products” 
come from czs-2-butene- 1,4-diol rather than directly form 2-butyne-1,4- 
diol.
v) T.O.F. and hydrogenation rate increase with pressure from the ambient 
to elevated pressure reaction vessels.
vi) Reaction profiles, hydrogenation rates and final product distributions did 
not vary significantly when programmed and non-programmed reduction 
of the 1% Pd/C catalyst were compared. With the 1% palladium catalysts 
there was flexibility in the catalyst activation procedure.
vii) The blank test reactions showed there was no reaction when there was no 
catalyst present. There is no chance of any homogeneous reactions being 
responsibly for the production of any o f the reaction products.
viii) Both the ambient and elevated pressure reactions vessels displayed 
selectivity in the order of 95% towards the formation of czs-2-butene-
1,4-diol, up to 100% conversion o f 2-butyne-1,4-diol.
ix) When cw-2-butene- 1,4-diol was employed as the reaction reagent the 
selectivity was only in the order of 10% to butane-1,4-diol formation. 
The low selectivity to butane-1,4-diol formation when cw-2-butene-1,4- 
diol was employed as the reaction reagent mirrors the selectivity to 
butane-1,4-diol in the second stage of the reactions that employed 2- 
butyne-1,4-diol as the reaction reagent (100 to 200% conversion).
x) The mass-imbalance in the reactions that employed the 1% Pd/C catalyst 
was found to be due to butane and butene production, there was more
production of butane and butene in the elevated pressure reaction vessel.
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Butene and butane prevented a foil mass balance being conducted for the 
reactions that employed the 1% Pd/C catalyst, due to their low 
solubilities in propan-2 -ol.
7.3 Hydrogenation of 2-butyne-l,4-diol
i) The reaction is zero order with respect to 2-butyne-1,4-diol 
concentration, and zero order with respect to czs-2-butene-1,4-diol 
concentration.
ii) With reference to the literature it can be assumed that the reaction is first 
order with respect to [H2 ] The reaction may be expressed thus:-
iii) Rate = d[A]/dt = k[Buty]° [H2 ] 1 [cat] 1 [Bute] 0  where k is a rate constant
iv) The value for the activation energy for 2-butyne-1,4-diol hydrogenation 
over palladium was found to be 37.05 ±1.4kJ/mole and 38.51 
±1.5kJ/mole for the 1% Pd/C and 1% PCI/AI2 O3 catalysts respectively.
v) The rate of 2-butyne-1,4-diol hydrogenation was found to vary linearly 
with mass o f catalyst, the reaction is first order with respect to catalyst 
mass.
vi) The initial concentrations of cz's-2-butene- 1,4-diol and 2-butyne-1,4-diol 
do not have any effect of the rate of 2-butyne-1,4-diol hydrogenation, 
hence the reaction is zero order with respect to c/s-2-butene- 1,4-diol and 
2-butyne-1,4-diol concentration.
vii) The ambient pressure reaction vessel is under kinetic control, it is not 
diffusion limited, this indicates the validity of the ambient pressure 
reaction vessel as a means of evaluating different catalysts.
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7.4 The 1% Pd/Al20 3  catalysts
i) Both the 1% Pd/A^Ch catalysts show rate o f hydrogenation of 2-butyne-
1.4-diol that are considerably faster that those observed when the 1% 
Pd/C catalyst was employed.
ii) Both the 1% PCI/AI2 O3 catalysts displayed different final product 
distributions when compared with the 1% Pd/C catalyst.
iii) With the two 1% Pd/AhCb catalysts the mass-balances were effectively 
complete. The reaction pathway to the formation of butene and butane 
are significantly retarded/unavailable when the 1% PCI/AI2 O3 catalysts 
were employed.
iv) With the two 1% Pd/Al2 0 3  catalysts approximately double the amount of 
iso-propoxytetrahydrofuran was produced compared to when the 1 % 
Pd/C catalyst was employed.
7.5 Continuous addition
i) There were effectively no mass balance problems with the continuous 
addition reaction, i.e. complete mass balance.
ii) While there is still 2-butyne-1,4-diol in the reaction vessel, cw-2-butene-
1.4-diol production will continue with the suppression of the “side 
products”
iii) In Figure 5.6.1 more cw-crotyl alcohol was formed than trans-crotyl 
alcohol, this is the opposite of what had been observed in the reactions in 
Section 5.2. This increased formation may be due to increased residence 
time of the reaction intermediates on the catalyst surface.
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7.6 Changing the reaction reagent
i) The diol functionality is required for the formation of iso-
propoxytetrahydrofuran.
ii) l-(2-propanyloxy)-butan-l-ol was produced instead of iso-
propoxytetrahydrofuran, when the mono-substituted alkynes were
employed as the reaction reagent. l-(2-propanyloxy)-butan-l-ol is likely 
to be produced through a similar mechanism to iso-
propoxytetrahydrofuran.
iii) The rate of reaction can be significantly effected by employing a reagent 
with the alkyne functionality in a different position.
iv) When the mono-substituted alkynes were employed as the reaction 
reagent, the mass-balances were more complete than those that employed
2-butyne-1,4-diol with the 1% Pd/C catalyst and propan-2-ol.
7.7 The 9.1% Cu/Si02 catalyst
i) The copper catalyst achieved a selectivity in the order of 98% to the 
formation of cw-2-butene-1,4-diol in the ambient pressure reaction 
vessel, and a selectivity in the order of 97% to the formation of butane-
1,4-diol in the ambient pressure reaction vessel.
ii) There was no formation of iso-propoxytetrahydrofuran observed when 
the copper catalyst was employed.
iii) The range of “side products” produced with the copper catalyst was 
reduced.
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iv) The reaction rate was considerably slower when the copper catalyst was 
employed when compared to the 1% Pd/C catalyst.
v) No activity was observed in any o f the elevated pressure reactions that 
were attempted, further development of the reaction protocol for the 
elevated pressure reaction vessel employing a copper catalyst is required.
7.8 Replacement solvents
i) Employing water as a replacement solvent produces fewer “side 
products”.
ii) Hydroxy-tetrahydrofuran was produced in the place o f iso- 
propoxytetrahydrofuran when distilled was employed as the reaction 
solvent, butoxy-tetrahydrofuran was produced instead of iso- 
propoxytetrahydrofuran when butanol was employed as the reaction 
solvent. It is likely that if other different solvents are employed then 
other furan can be produced.
iii) The rate o f hydrogenation when distilled water was employed as the 
reaction solvent was around half of that of a similar reaction that 
employed propan-2-ol as the reaction solvent, there is competition at the 
catalyst surface between 2-butyne-1,4-diol and water for adsorption. The 
mass-balances for the reactions that employed distilled water were 
effectively complete.
iv) Acid hydrolysis is not responsible for the formation o f the “side 
products”, in this study more acidic conditions (i.e. in distilled water 
rather than propan-2-ol) leads to the formation of less “side products”.
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7.9 Postulated reaction mechanism
i) A procedure was developed so that NMR and MS analysis analysis could 
be conducted o f the reaction samples without disturbing the sample 
matrix.
ii) A combination o f isotope switching and GC-MS combined with *H and 
2D NMR have been used to examine the reaction profile.
iii) The number of protons or deuterium atoms in each o f the reaction 
species throughout the course of the reaction could be determined be a 
combination of MS and NMR.
iv) Combining previous experimental observation with the information 
gained using MS and NMR it is possible to propose a possible reaction 
mechanism that was entirely consistent with all the experimental 
observations.
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7.10 FUTURE WORK
i) Further reaction testing with different solvents to see what other furans 
the adsorbed species/solvent interaction can produce. It has already been 
shown that butoxy-tetrahydrofuran and hydroxy-hydrofiiran can be 
produced employing butanol and distilled water as the reaction solvent 
respectively.
ii) Reaction testing with longer chain and/or branched alkyne diols to see if 
higher membered rings and/or branched ring species can be produced.
iii) Further and 2D isotope switching experiments to expand the 
postulated reaction mechanism to accommodate longer chained/branched 
alykyne diol starting species.
iv) Further optimisation of the reaction protocols for the 9.1% Cu/SiC>2 
catalyst, to achieve enhanced activity in the ambient pressure reaction 
vessel, and activity in the elevated pressure reaction vessel.
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